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STATEMENT OF THE PROBLEM

This dissertation addresses three basic issues involving clay minerals. The
first is the discovery of an intrinsic clay property, fluorescence. This is dependent on
iron content. Iron in the crystal structures of these clays significantly affects their
physical and chemical properties and is thus of importance in the world around us.
The second section describes the modification of clay surfaces to remove
contaminants from aqueous solution. In today's environmentally consciencious
society we are all concerned with water quality. Clay surfaces are modified to
remove both organic and ionic materials from aqueous solution.
The third aspect is an attempt to utilize clay's proven surface activity to cause
a chemical change, isomerization. If clay could selectivly isomerize certain
chemicals, this would be useful for either synthetic or biological modifications of
molecules. This attempt was unseccessful either with or without the aid of light
although light itself caused a degree of isomerization.
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CHAPTER I

GENERAL INTRODUCTION

Clay minerals play a significant role in many aspects of life ranging from their
dominance in soils and sediments to their extensive commercial uses in products and
industries. In soils the presence of clay can cause such common phenomena as poor
drainage or a perched water table. In a sandy soil the presence of just a small amount
of clay can enable profitable crop production whereas without it, a virtual desert
predominates. Commercial uses of clay include pottery, ceramics, sorbents, landfill
liners and catalysts.
Clays have complex crystal structures. These structures consist of two simple
building blocks - tetrahedra and octahedra. Each tetrahedron contains silicon as the
central atom and oxygen at the corners. The tetrahedra join at the corners to form a
sheet (Figure 1). The octahedra contain an aluminum central atom with oxygen and
hydroxyl groups at the corners. These octahedra join at the edges to also form sheets
(Figure 2). The apices of the tetrahedra join with the octahedra to form a two-layer
vertically stacked structure. Electrical neutrality is maintained by filling only two
thirds of the octahedra with the aluminum ions. Only on the edges, where broken
bonds may exist between the central atom and the ligands may there be an unbalanced
charge. These may result in a limited cation exchange capacity. That is, the crystal
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FIGURE 1

Geometric representation of silica tetrahedron (a) and tetrahedral sheet (b).
The closed circles indicate Si4 +: the open circles indicate 0 2-. (After Grim, R. E.,
Clay Mineralogy, 2nd ed., McGraw-Hill, New York, 1968. Used with permission.)
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FIGURE 2

Geometric representation of octahedron (a) and octahedral sheet (b). (After
Grim, R.E., Clay Mineralogy, 2nd ed., McGraw-Hill, New York, 1968. Used with
permission.)
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structure may have a net negative charge, balanced by sorbed ions from the
surrounding solution, which may be exchanged.
Different clay structures are characterized by different arrangements of the
tetrahedral and octahedral layers. A 1: 1 tetrahedral:octahedral layer is shown by
kaolinite (Figure 3).
The talc-pyrophyllite minerals (Figure 4) are "three layered" or commonly
refered to as a 2: 1 layered silicate or smectite (Grim, 1968). In this group, the
central octahedral atom is often Al3 + or Mg 2 +with the octahedral layer sandwiched
between two tetrahedral layers. If the octahedral cations are Al3+, two thirds of the
octahedral sites are filled to maintain electrical neutrality and the mineral is called
pyrophyllite. If the octahedral cations are Mg2 + with all the octahedral positions
filled, then the mineral is talc. As with pyrophyllite, all of the positive charges match
all of the negative charges. The only opportunity for unbalanced charge is at the
broken bonds at the crystal edges.
When most layer silicate crystals grow, they do not approach the relative
perfection of kaolinite or pyrophyllite. Montmorillonite has a structural scheme
resembling pyrophyllite (Figure 5) but with ion substitution for aluminum which
occurs during mineral growth. Either Mg2+ or Fe<2 + or 3 +> can replace some of the
aluminum in the octahedral sheet, since they have approximately the same ionic
radius. Using Wells' (1962) calculations for radius ratios and Pauling's (1960) data
for ionic radii, the octahedral sheet can accommodate ions from 0.58 to l.02A.
When lower charged ions substitute for higher charged ions, a net permanent negative
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FIGURE 3

Structure of Kaolinite. See Figures 1 and 2 for identification of atom symbols.
(After Grim, R.E., Clay Mineralogy, 2nd ed., McGraw-Hill, New York, 1968. Used
with permission.)
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FIGURE 4

Structure of talc-pyrophyllite. See Figures 1 and 2 for identification of atom
symbols. (After Grim, R.E., Clay Mineralogy, 2nd ed., McGraw-Hill, New York,
1968. Used with permission.)
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FIGURE 5

Structure of montmorillonite. (After Grim, R.E., Clay Mineralogy, 2nd ed.,
McGraw-Hill, New York, 1968. Used with permission.)
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charge on the sheet results. The crystal as a whole, however, must be electrically
neutral. The negative charge is balanced by adsorption of cations, termed "exchange
cations", onto the surface of the sheet. In nature, these cations normally are Ca2 +,
Na+, and Mg2 +.
The montmorillonites show a considerable degree of cation exchange capacity
(see Chapters II and III.A). These values may range from 80 to 125 meq/lOOg (Van
Olphen and Fripiat, 1979 and Grim, 1968). Little or no anion exchange capacity
manifests itself, however.
Hectorite refers to a magnesium trioctahedral montmorillonite with a small
degree of aluminum or iron. Iron substitution can vary from none (e. g. Laponite, a
synthetic hectorite) to complete substitution, as in nontronite. Nontronite is a smectite
with its octahedral layer nearly or completely composed of iron as the central
octahedral ion.
Attapulgite, a variety of palygorskite, in some ways resembles the 2: 1 layer
silicates but has a significant difference. In montmorillonite, the talc-pyrophyllite
sheet extends laterally for 1000 nm or more. In attapulgite, the sheet extends only a
short distance (Figure 6), then the 2:1 tetrahedral:octahedral:tetrahedral sheet flips up
or flips down, continues, and then flips up or down again. This complex behavior
forms a three-dimensional structure that includes long tubes instead of interlayer
spaces (Figure 7). The long tubes can be occupied by water and organic molecules of
the correct size. Little charge unbalance results from any octahedral substitution.
The only exchange capacity in attapulgite results from broken bonds on the edges of
the crystal.
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FIGURE 6

Structure of attapulgite. (After Grim, R.E., Clay Mineralogy, 2nd ed.,
McGraw-Hill, New York, 1968. Used with permission.)
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FIGURE 7

Tube structure of attapulgite. See Figure 6 for identification of the atom
symbols. (After Grim, R.E., Clay Mineralogy,
1968. Usect with permission.)
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CHAPTER II
FLUORESCENCE OF SMECTITE MINERALS AND ITS RELATION
TO IRON CONTENT

Introduction
The presence of iron together with its particular oxidation state in
montmorillonite has a profound influence on clay structure and properties. For
example, iron is known to affect cation exchange capacity (CEC), swelling in water,
redox properties, crystallographic parameters, surface area, color and thermal and
chemical stability (Stucki et al., 1988). CEC greatly affects soil properties and ion
exchange reactions including the immobilization of pesticides (Theng, 1974).
Swelling in water affects soil properties, especially movement of groundwater and
groundwater contaminants (Stucki et al., 1988 and Shen et al., 1992).
Crystallographic properties such as primarily the alteration of the b-dimension affects
particle size, thereby affecting soil aggregate properties. Surface area affects
adsorptive properties such as bound water and industrial decolorization processes
(Theng, 1974). Oxidation reduction reactions occur much more readily with iron
present (Solomon and Hawthorne, 1983 and Van Olphen, 1977). Color, always of
aesthetic interest, affects several industrial uses such as the ceramic, cosmetic and
paint industries. Thermal and chemical stability affects processes such as ceramic
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production and acid activation for either adsorption or catalysis (Solomon and
Hawthorne, 1983).
Mineral fluorescence was first detected 150 years ago. Minerals such as
fluorite or fluorspar (from which the term fluorescence originates) were among the
earliest known luminescent materials (Berry and Vaughan, 1985 and Waychunas,
1988). This property (fluorescence) continues to be actively studied today.
Fluorescence is a radiative electronic transition in which an electron "jumps"
from a higher energy state to a lower energy state. The difference in energy is
released as a photon. A simplified Jablonski diagram is illustrated in Figure 8. A
molecule is excited with the promotion of an electron to a higher energy orbital. The
molecule can undergo a variety of radiative and non-radiative transitions. Nonradiative transitions include transition to the triplet state through intersystem crossing,
or directly to the ground state via thermal or vibrational decay (internal conversion).
Fluorescence is the radiative transition from an excited singlet state to a lower singlet
state. Radiative transition from a triplet state is phosphorescence.

Phosphorescence

is characterized by a longer time for light emission (decay time) due to the
triplet-singlet forbidden transition.
Fluorescence normally occurs from a lower energy level (that is, lower
frequency or longer wavelength) than the excitation frequency. This is because the
excitation is usually into an excited vibrational state of an excited electronic state.
These excited vibrational states undergo rapid radiationless energy loss until reaching
the lowest vibrational level of that electronic state. Emission of light then occurs,
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FIGURE 8

SIMPLIFIED JABLONSKI DIAGRAM
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resulting in a lower electronic level, but possibly excited vibrational level being
reached. This is also illustrated in Figure 8.
Mineral fluorescence is almost always due to the presence of transition metal
or rare earth ions. Transition metal ions causing luminescence are often present as
impurities. Usually divalent or trivalent ions substitute for normal metal cations such
as Mn2 + for Ca2 + in calcite (Berry and Vaughan, 1985) or Fe3+ for Al3 + in feldspars
(Telfer and Walker, 1975).
Two kinds of luminescence are described: luminescence localized on metal
orbitals and luminescence arising from charge-transfer (Adamson and Fleischauer,
1975). An example of localized metal orbital luminescense is Mn2 + substitution for
Ca2 + in calcite (Berry and Vaughan, 1985). Examples of species exhibiting chargetransfer luminescence are phenylpentamethyldisilane (Shizuka, 1993) and XeF
(Hoffman et al., 1993). Charge-transfer luminescence is usually a broad, structured
emission spectrum while localized metal orbital luminescence can be either sharplined or broad and structureless (Adamson and Fleischauer, 1975).
The various types of luminescence reported for clay primarily involve unusual
sample preparations or excitation sources. Thermoluminescence is known and
described for kaolinite, montmorillonite, hectorite, attapulgite, halloysite,
pyrophyllite, talc, and illite (Ferraresso, 1967 and Lemons and McAtee, 1982).
Investigators have reported for kaolinite triboluminescence (Lahav, Coyne and
Lawless, 1982 and Coyne et al., 1981) and luminescence upon drying (Coyne et al.,
1983; Coyne et al., 1981; and Lahav et al., 1985). Coyne et al. (1984) reported
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room temperature fluorescence for kaolinite induced by association with organic
amines. A suggested explanation put forth is the presence of energy "traps" or holes
where energy is stored (Coyne et al., 1984 and Lemons and McAtee, 1982). Upon
energy release, the material luminesces. Room temperature fluorescence of the
smectites is, however, heretofore unreported.
Fluorescent properties in minerals often arise from the presence of rare earth
elements or transition metal impurities (Berry and Vaughn, 1985). Iron, however, is
a well-known quenching agent (Curie, 1960 and Robbins, 1983), although at low
levels in minerals iron can activate luminescence. Telfer and Walker (1975) and
Telfer and Walker (1978) observed iron-activated luminescence in the feldspars.
Cathodal luminescence (10 KeV excitation source) was observed at 500-600 nm at
levels of up to 0.5 wt/wt% iron. They assigned this fluorescence to tetrahedral
substitution of the aluminum by iron.
Iron has been shown to luminesce also in certain synthetic preparations.
McShera and coworkers (1983) observed iron luminescence in LiGa5_xFex0 8 using a
457.9 nm tunable argon laser excitation source. They observed that while most of the
Fe 3 + substituted for Ga3 + in the octahedral sites, the fluorescence arose from
tetrahedral iron and appeared in the 650-740 nm range. Fluorescence is assigned to a
6

A 1( 6S) -

4

T 1( 4G) transition in the d5 configuration. White et al. (1986) also ascribed

to the cause of luminescence in orthoclase (a potassium feldspar) this iron transition.
Two iron luminescence bands were observed, with maxima at 662 and 741 nm and
only at low iron levels. With 1.4% wt/wt iron content fluorescence was barely
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detectable, and undetectable with 3.0% wt/wt iron.
Pott and McNicol (1970) observed room temperature fluorescence due to the
presence of FeH in )'-alumina. They detected three bands with maxima at 420, 445
and 765 nm. Excitation source is unreported. They interpreted the 765 nm band as
being caused by octahedrally coordinated iron and the blue bands to tetrahedral iron.
They also observed quenching at Fe3 + concentrations in excess of 0.1 % wt/wt.
Later the same authors (Pott and McNicol, 1971) investigated Fe3 +
luminescence in LiA150 8 using an excitation wavelength of 380 nm. There they found
broad band luminescence at room temperature from 680 - 730 nm, which they
assigned to tetrahedral iron. A blue emission was observed at 445 nm, which they
assigned to a possible Fe3 + defect in the )'-alumina lattice. Again, only low iron
levels (0.01 % wt/wt) were investigated.
Voitukevich at al. (1987) found luminescence in yttrium-aluminum oxide
(Y3Al5 0 12) crystals doped with Fe3 +. They observed fluorescence in the 764 - 783 nm
region with some fine structure detectable at low temperatures using 390 nm as the
excitation wavelength. Again, fluorescence was assigned to tetrahedral Fe3 + at low
concentrations (0.11 % wt/wt). Rotman (1990), while investigating the same
compositional material, found this fluorescence to be quenched at 1.0% wt/wt Fe.
Telfer and Walker (1976) found radio- or cathodoluminescence of Fe3 + -doped
aluminum fluoride with a lOKeV source. Emission was broad-band from 700 - 800
nm. They did not report the iron concentration. This is the only non-oxide doped
lattice structure that shows unequivocal octahedral luminescence.

26
We show here that the presence of iron causes smectite clay mineral
fluorescence. The fluorescence intensity also increases as the amount of iron present
increases. Clays with zero iron content gave no detectable fluorescence, with the
highest fluorescence intensity observed with clays containing 30% wt/wt iron. This
fluorescence is utilized to determine iron content in smectite minerals. It is a nondestructive and easily performed method. Equipment is less expensive, and sample
preparation less extensive, than x-ray fluorescence. Time and sample destruction
considerations make this method attractive compared to wet chemical analysis.
Sample size requirements are much less than wet chemical methods. With a known
sample, concentration can be determined by measurement of fluorescence intensity.

Materials and Methods
Clay Sources: SHCa-1, STx-1, SAz-1, SWa-1, PFl-1 and SWy-1 were
obtained from the Clay Minerals Society (CMS) Source Clay Repository, Columbia,
MO. NG-1, API 22A, and API 22B were obtained from Ayel Bendor of the Hebrew
University in Jerusalem. NG-1 is in the CMS source clay repository and API 22A
and API 22B are American Petroleum Institute source clays. Laponite RD was
obtained from Southern Clay Products, Inc., Gonzales, TX, and is a synthetic
trioctahedral smectite. Table 1 lists the clays, their common names and the source
location.
Clay Purification: Purification followed the procedures of Jackson (1979).
Clay samples ( - 25 g) were dispersed in distilled water (500 mL) from 20-60 min. in
a Mastermix mixer, Model 9B (Sterling Multi-Products, Inc., Prophetstown, IL).

TABLE 1
SMECTITE AND OTHER CLAY MINERAL CHARACTERIZATION AND IRON CONTENT

Clay Designation

Common Name

Source Location

NG-1

Nontronite

Rohen Hagen, German

SWa-1

Ferruginous Smectite

Grant County, WA USA

API 22A

Calcium Montmorillonite

Amory, MS USA

API 22B

Calcium Montmorillonite

Amory, MS USA

SWy-1

Sodium Bentonite

Crook County, WY USA

PFl-1

Attapulgite*

Gadsden County, FL USA

SAz-1

Calcium Montmorillonite

Apache County, AZ USA

STx-1

White Bentonite

Gonzales County, TX USA

SHCa-1

Hectorite

San Bernadina County, CA USA

Laponite RD

Synthetic Montmorillonite

Laporte Ind., England

KGa-1

Kaolinite*

Georgia, USA

* Not a Smectite
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The dispersed suspension (250 mL at a time) was centrifuged at 750 rpm for 4.5
minutes in an IEC International Model UV centrifuge (International Equipment Co. ,
Boston, MA) and the top 10 cm collected. Collection of the predominantly

<2

µm

fraction was confirmed using a Malvern Model 3601 (Malvern, Ltd., Worcs,
England) particle size analyzer. The particle size and clarity of the Laponite
suspension was, however, too small and clear respectively to be detected by the
instrument. Fractions of predominantly

< 2 µm from SHCa-1 and PFl-1 could not be

collected due to their thixotropic nature under the above conditions. These
suspensions were used as is with slightly larger average particle sizes than 2 µm.
Clay Treatments: Various clay purifications were carried out. The following
treatments were conducted sequentially on SWa-1, SWy-1, STx-1 and SHCa-1.
Figure 9 shows the treatment scheme. Water washing assured no soluble salts and
was conducted by centrifugation four times with eventual clay resuspension. Ethanol
(EtOH) washing assured no low molecular weight organics. The clay was centrifuged
in 100% EtOH four times, with eventual resuspension in water.
A surface rinse of HCl assured no adsorbed or precipitated salts or oxides on
the clay surface. The method is after one developed by A. Banin (1992). A 0.5 per
cent suspension in 0.5 N HCI was mixed for 30 minutes at room temperature.
Removal of soluble material was assured by repeated centrifugation in water until no
chloride ion could be detected with 0.1 N AgN03 •
An alternate sequential series was conducted following procedures of Jackson
(1979). After sedimentation of the original clay slurry, clays were suspended in a 1
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FIGURE 9

CLAY TREATMENT FLOW DIAGRAM
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N pH 5.0 sodium acetate/acetic acid buffer. The suspension was then centrifuged and
the procedure was repeated. This assured a similar exchange cation and removal of
selected surface minerals such as manganese oxide. This treatment also aided
subsequent H2 0 2 digestion to remove possible organic contaminants. Five mL 30%
H2 0 2 was added and the test tubes were heated at 100° C for 3 min. A second 5 mL
portion was added and heated at 100° C for 3 min. A third 5 mL aliquot of 30%
H20 2 was added, test tubes containing the mixture loosely capped and digested 3 H at
100° C. Finally, clays were centrifuged and resuspended in distilled water.
Acid digestion to remove structural iron was carried out by refluxing a 0. 5 %
wt/wt clay suspension in 2.6 N HCl for up to 12 H.
Metal analysis: Total iron, titanium and manganese were determined after the
method of Stucki (1981) and carried out in duplicate for each clay. Clay slurries
were weighed into 125 mL high density polyethylene bottles to give 0.02-0.12 g dry
weight of clay. These were dried overnight at 105° C. Aliquots of H2S04 (12 mL,
3. 6 N) and 1 mL 48 % HF were added in that order. The bottle containing the
mixture was digested loosely capped for 30 min in a boiling water bath. To
decompose excess HF, 10 mL of a 5 % boric acid solution was added. Solutions were
then diluted gravimetrically to a total weight of 80-90 g. Solutions were aspirated
directly into a direct coupled plasma emission spectrophotometer (Beckman
Spectraspan IV) and Fe emission was monitored at 259.94 nm (SpectraMetrics,
1982). Iron standard was FeC13 •6H20 in 1 % HCI. Manganese and titanium standards
were diluted from 1000 ppm standard solutions purchased from Ricca Chemical Co.,
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Arlington, TX. Emission lines for Mn and Ti were at 257.61 and 323.45 nm
respectively (SpectraMetrics, 1982). In all cases, samples were analyzed with three
15 s signal integration periods. A water blank treated exactly as the clay slurries was
used as the zero.
Fluorescence: Fluorescence was monitored in aqueous suspension, usually
1000 ppm, in a Photon Technology, Inc. LS-100 fluorimeter (London, Ontario,
Canada). Excitation was usually 240 nm and emission monitored from 200 to 800
nm. A 'scattering' solution of colloidal silica (Photon Technology, Inc.) provided
peak references.
Fluorescence with added iron: Iron was added as either Fe II or Fe III to 830
ppm aqueous suspensions of SHCa-1, STx-1 or KGa-1. Fe II was as FeCl2 • Fe III
was used as Fe(N03) 3 , FeC13 or Fe20 3 • Stock solutions of the iron compounds were
prepared and added to the SHCa-1 suspension to provide the desired iron
concentration relative to the clay. FeCl2 solutions were prepared and used in argon
deaerated solutions to avoid oxidation.
Phosphate Edge Blocking Experiments: Sodium tripolyphosphate was added to
an aqueous suspension of clay (STx-1 or SHCa-1) to give 1 % of the clay weight.
Samples were mixed and allowed to sit 15 min at room temperature. Samples were
then centrifuged and the supernatent discarded. Washing with distilled water by
centrifugation was repeated five times to remove any unbound phosphorus.
This washed, centrifuged phosphate-treated clay was then resuspended in
distilled water to provide a 1000 ppm suspension. Iron was then added as in the
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section "Fluorescence with added iron."
Adsorption isotherms: Clay (either STx-1, SHCa-1 or KGa-1) was suspended
in distilled water. Iron (either as Fe(N03) 3 or FeC13) was added from a 1000 ppm Fe
aqueous stock solution to provide the desired end concentration (0-200 ppm). Total
Fe III plus clay was 1000 ppm. After mixing and aging at least 20 min the clay
suspensions were centrifuged at 3000 r.p.m. in an IEC Centra-7 centrifuge
(International Equipment Company, Needham Hts., MA).
Iron concentration in the supematent was determined by direct coupled plasma
emission spectroscopy (DCP) at 259.940 nm.
pH 3 ammonium oxalate extraction: To dissolve non-crystalline iron, pH 3
ammonium oxalate extraction was carried out after the method described by Banin et
al. (1993). A 0.2 N oxalate solution was prepared by adjusting dissolved oxalic acid
to pH 3 with ammonium hydroxide. A clay suspension (SHCa-1, 1000 ppm, 20 mL)
was placed in 2 oz wide mouth jars and centrifuged with or without added iron (5 %
of the weight of the clay) 30 min at 3000 r.p.m. The supernatent was analyzed for
iron content at 259.940 nm with the DCP and discarded. To the clay sediment 20
mL of the pH 3 ammonium oxalate solution was added. This clay suspension was

agitated 4 H in an Orbit Environ-Shaker (Lab-Line Instrument Co., Melrose Park, IL)
at 300 r.p.m. at room temperature in the dark.
Extracted clay was centrifuged 30 min at 3000 r.p.m. on the IEP centrifuge
and the supernatent analyzed for iron content.
The effect of time on Fe-treated clay fluorescence: A 950 ppm suspension of
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SHCa-1 was treated with 50 ppm iron (as Fe(N03) 3) and allowed to sit at room
temperature. Fluorescence was monitored over a period of 1 month.

Results and Discussion
The clays examined and their iron contents appear in Table 2. The clays have
a wide variety of iron contents ranging from 0-30 per cent. The iron contents are
also compared to other literature values. Our measured contents agree very well with
the published literature values. The high-iron content clays NG-1 and SWa-1 show
some variability from sample to sample. SWa-1 is also the only unprocessed clay,
with the possible exception of NG-1, from the Clay Minerals Society source clay
repository, thus making it more likely to vary in separate analyses. The other clays
were dried at 100° C and milled in a Raymond roller mill prior to sampling, storage
and subsequent shipment by the Clay Minerals Society (Van Olphen and Fripiat,
1979).
Iron is usually considered to be octahedrally located in clay minerals. One to
fifteen per cent of the iron in SWa-1 is suspected to be tetrahedrally located, however
(Luca and MacLachlan, 1992; Stucki and Lear, 1990; and Sherman and Vergo,
1988). One assumes that some iron in other clays could be also tetrahedrally located.
Fluorescence spectra of 1000 ppm suspensions of NG-1, SWa-1, API 22A,
API 22B, SWy-1, PFI-1, SAz-1, STx-1, SHCa-1 and Laporite RD are shown in
Figures 10-19. SWa-1, SWy-1 and STx-1 are representative of high, medium and
low iron-containing clays. Peaks are noted at 240, 309, 408, 465, 480, 533, 620 and
720 nm. The excitation peaks with first and second overtones are assigned to 240,
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TABLE 2
IRON ELEMENTAL ANALYSIS COMPARISON,% wt/wt

Clay

Loyola

Literature

NG-1

29.45

20.03 , 24.84

SWa-1

13.75

18.6 1 , 17 .3 3 ' 14.355

API22A

8.54

API22-4. 172

API22B

3.93

API22-4 .17 2

SWy-1

2.89

2.67 1 ,

PFl-1

2.41

2.40 1

SAz-1

1.54

1.05 1

STx-1

0.45

0.70 1

SHCa-1

0.16

0.19 1

Laponite RD

0.00

0.0145

1

Van Olphen and Fripiat, 1979

2

Kerr et al., 1950
Only API 22 is listed. A and B are separate locations from Amory, MS. The API
22 value probably represents an average value.

3

Komadel and Stucki, 1988

4

Schneiderhohn, 1965

5

Neumann and Sanson, 1970
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FIGURE 10

Fluorescence spectrum of 1000 ppm aqueous suspension of NG-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube.
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FIGURE 11

Fluorescence spectrum of 1000 ppm aqueous suspension of SWa-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube.
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FIGURE 12

Fluorescence spectrum of 1000 ppm aqueous suspension of API 22A.
Excitation wavelength is 240 nm. Emission intensity is in arbitrary units. The
emission spectrum is corrected for wavelength variations of the emission
monochromator and the photomultiplier tube.
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FIGURE 13

Fluorescence spectrum of 1000 ppm aqueous suspension of API 22B.
Excitation wavelength is 240 nm. Emission intensity is in arbitrary units. The
emission spectrum is corrected for wavelength variations of the emission
monochromator and the photomultiplier tube.
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FIGURE 14

Fluorescence spectrum of 1000 ppm aqueous suspension of SWy-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube.
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FIGURE 15

Fluorescence spectrum of 1000 ppm aqueous suspension of PFl-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube.
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FIGURE 16

Fluorescence spectrum of 1000 ppm aqueous suspension of SAz-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube. The flattened area at 450 - 510 nm is a result of instrument
calculation. True intensity is a peak much more intense.
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FIGURE 17

Fluorescence spectrum of 1000 ppm aqueous suspension of STx-1. Excitation
wavelength is 240 nm. Emission intensity is in arbitrary units. The emission
spectrum is corrected for wavelength variations of the emission monochromator and
the photomultiplier tube.
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FIGURE 18

Fluorescence spectrum of 1000 ppm aqueous suspension of SHCa-1.
Excitation wavelength is 240 run. Emission intensity is in arbitrary units. The
emission spectrum is corrected for wavelength variations of the emission
monochromator and the photomultiplier tube. The flattened area at 450 - 510 run is a
result of instrument calculation. True intensity is a peak much more intense.
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FIGURE 19

Fluorescence spectrum of 1000 ppm aqueous suspension of Laponite RD.
Excitation wavelength is 240 nm. Emission intensity is in arbitrary units. The
emission spectrum is corrected for wavelength variations of the emission
monochromator and the photomultiplier tube.
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480 and 720 run respectively and are the result of Rayleigh scattering. Peaks at 309
and 620 run are assigned to Raman scattering based on the colloidal silica scatterer
spectrum. Clay spectral intensities are listed in Table 3. Only the 240 run Rayleigh
band and peaks due to clay are included. Not all the emission peaks (408, 465 and
533 run) can be seen in the clays containing low iron, partly due to overlap with the
overtone line (480 run) and partly due to instrument sensitivity.
Comparison of Figures 10-19 reveals fluorescence in the 400-600 run region
increasing with increasing iron content. The most striking spectral feature is the
relationship of the Rayleigh scattering peak at 240 run to the rest of the spectrum.
Clays with a high iron content show a very small 240 nm line and exhibit several
other peaks with high intensity between 400-600 run. Clays with medium iron content
show a peak at 240 nm, with a large peak located at 306 nm. Clays with little iron
show an extremely intense peak at 240 nm, with very low intensity at 408 nm. A
plot of log iron content vs. log 408/240 nm peak ratios is a linear plot with a
correlation coefficient of 0.971 (Figure 20). The Laponite spectrum is excluded here
due to no measurable iron content. This normalizes clay absorption at 240 run to the
Rayleigh scattering peak. Clay concentration is held constant to evaluate the
fluorescence intensity.
Possible wavelength effects on the fluorescence were investigated by varying
the excitation wavelength. SWa-1 was irradiated at 300, 280, 260, 240 and 208 nm.
Fluorescence was exhibited in the 400-600 nm region in all cases. The wavelength of
the fluorescence maxima shifted only slightly and the relative intensities also changed
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FIGURE 20

Plot of the fluorescence of several clays of varying iron content. Abcissa
values represent the log % iron contained in the clay. Ordinate values represent the
log of the 408 nm emission intensity divided by the 240 nm Rayleigh scattering
intensity.
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TABLE 3
FLUORESCENCE INTENSITY OF CLAY SAMPLES 1•2

240 run

408 run

465 run

533 run

log 408/240 run

NG-1

51.1

489.1

654.8

707.0

+0.981

SWa-1

79.3

696.0

696.7

542.9

+0.943

API22A

62.7

263.0

539.0

676.0

+0.623

API22B

812.8

605.9

538.0

350.0

-0.128

SWy-1

855.0

160.0

164.0

50.0

-0.728

PFl-1

5341.0

585.0

-0.960

SAz-1

24460.0

790.0

-1.491

STx-1

39400.0

750.0

SHCa-1

34000.0

100.0

LAP RD

8810.0

6.2

Clay

150.0

400.0

-1.720

150.0

-2.531

6.2

-3.150

1

Values represent a 5.3 absolute standard deviation error.

2

Arbitrary units, identical instrument and slit configuration.

3

Dashes are values unobtainable due to the 480 run overtone.
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slightly.
Possible Causes of Fluorescence: We investigated several possibilities as the
source of the observed spectra, including impurity introduction, the presence of
soluble salts, organic materials, surface minerals, alternate transition metals or rare
earth ions. A significant contribution of rare earth or transition metals to the
fluorescence spectra is doubtful because of their small concentration. The wide
variety of source locations and the varying conditions of formation of the clays do not
suggest a direct relationship to the observed fluorescence. Titanium and manganese
contents were measured, as these are common fluorescence activaters in minerals
(Berry and Vaughan, 1985). As shown in Table 4, no relationship between either
metal and the observed fluorescence characteristics exists.
Inclusion of a water control (i.e. treating a water sample in exactly the same
manner as clay) during clay purification assured no introduction of contaminants.
Clays were also purified at two different times separated by a 3 month period.
Identical results were obtained. The clay purification treatments as described in the
materials and methods section were conducted on SHCa-1, SWy-1, STx-1 and SWa-1.
All showed their characteristic emission spectra unchanged after the treatments. The
only cause of the luminescence could then be the clay itself.
Particle Size: Particle size could affect any scattering. Particle size
distributions were kept similar by monitoring particle size with a Malvern particle size
analyzer. No estimate of the Laponite particle size could be made because it was
"invisible" to the laser light source used in our particle size analyzer. A 1 3 wt/wt
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TABLE 4
CLAY TITANIUM AND MANGANESE CONTENTS 1 (wt/wt%)

Clay

Titanium

Manganese

NG-1

0.43 ±0.0042

0.00±0.000

SWa-1

0.00±0.000

0.01 ±0.005

API22A

0.67±0.005

0.14±0.010

API22B

0.48±0.004

0.00±0.000

SWy-1

0.07±0.001

0.00±0.000

PFl-1

0.14±0.002

0.04±0.001

SAz-1

0.22±0.002

0.07±0.002

STx-1

0.16±0.002

0.00±0.000

SHCa-1

0.00±0.000

0.00±0.000

LAPONITE RD

0.00±0.000

0.00±0.000

1

Determined by plasma emission spectroscopy.

2

Errors are standard deviation from three measurements.
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suspension was clear and its particle size in suspension is considerably less than 2 µm
(Neumann and Sanson, 1970), well below the analytical range of the particle size
analyzer.
A representative particle size distribution of the purified clay suspensions is
shown in Figure 21. A particle size distribution of all clays is shown in Table 5. In
all cases average particle sizes are considerably less than 10 µm. The largest average
size is SHCa-lwith 4.05 and 3.77 µm (for two separate purifications) and PFI-1 with
4.67 µm. These are the most thixotropic clays represented and the larger particle size
perhaps reflects extensive particle association. Dilution of the initial suspension prior
to centrifugation did not reduce the average particle size. The rest of the clays have
average particle sizes ranging from 0.94 to 1.72 µm.
Origin of Luminescence: The montmorillonites investigated belong to a class
of minerals referred to as the 2: 1 layered silicates (Grim, 1968) as described in
Chapter I. The octahedral layers usually contain either aluminum (dioctahedral) or
magnesium (trioctahedral) sandwiched between 2 tetrahedral silicon layers. The
octahedral layer often contains impurities such as Mg2+ proxying for an Al3 + layer or
Fec2 + or 3 + l proxying for Al3+. In the case of STx-1, there is little iron substitution
whereas in NG-1 there is nearly complete substitution. In SHCa-1, a naturallyoccurring saponite, Li 1+ proxies for Mg2+ in the octahedral layer.
If the source of the fluorescence is iron, reaction of the clay with a strong acid

such as HCl should dissolve the iron, causing a decrease or elimination of
fluorescence as was shown to be the case. This treatment destroys iron both in the
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FIGURE 21

A representative particle size distribution histogram. The clay sample is an
aqueous suspension of SAz-1.
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TABLE 5
PARTICLE SIZE DISTRIBUTION OF CLAY SAMPLES

Clay

9ot11 percentile

size (µm)

size (µm)

SHCa-1

3.77,4.05 1

6.83,7.47

STx-1

0.94,0.96

1.67 ,1.71

SAz-1

1.19

1.99

PFl-1

4.61

7.71

1.72,1.54

2.87,2.35

API 22B

1.27

2.26

API 22A

1.39

2.97

1.07' 1.05

1.94, 1.87

1.66

3.33

SWy-1

SWa-1
NG-1

1

Average particle

Clays with two values are particle size analyses from two separate purifications.
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octahedral and tetrahedral layers. Clay material (SHCa-1, STx-1, SWy-1 and SWa-1)
was refluxed in 2.6 N HCl for up to 12 H. After 2 H fluorescence of SWa-1 was
virtually eliminated while some fluorescence was still observed with SWy-1 even after
12 H.
The acid dissolution experiments suggest that the origin of the fluorescence is
in the clay crystal. Figures 22 and 23 show UV/VIS spectra of SWy-1 and SWa-1
measured after several acid reaction times. Karickhoff and Bailey (1973) assigned the
absorption band at 240-250 nm to a charge transfer from the 0 ligand to Fe3+.
SHCa-1 and STx-1 give no discernible absorption in the 240-260 nm region. They
also exhibit little fluorescence. Chen et al. (1979) confirmed that a direct correlation
exists between the intensity of the 240-250 nm band and octahedral Fe3+ content.
Most, if not all of the iron in the clays investigated, should be in the Fe3+ state in
light of the various treatments received (Stucki et al., 1988; and Rozenson and HellerKallai, 1978). Reference to Figure 22 shows the almost immediate diminution of the
SWa-1 ligand to metal charge transfer (LMCT) band. This correlates with a similar
decrease in fluorescence. Figure 23 shows the retention of the LMCT band for SWy1 even after several hours of severe acid treatment. We also obtained measurable
fluorescence. These results are not suprising if iron is, in fact, the cause of the
fluorescence. Luca and MacLachlan (1992) and Novak and Cicel (1978) have found
that the dissolution rate of the octahedral layer of smectites depends strongly on the
substitution of Fe3+ for Al3 +. This explains the rapid diminution of both fluorescence
and 240-250 nm absorption for SWa-1 and not for SWy-1. Assignment of
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FIGURE 22

Absorption spectra of 250 ppm aqueous SWa-1 suspensions. Curves (top,
middle and bottom) represent spectra of acid digested (0.5 % wt/wt clay in distilled
water) suspensions in 2.6 N HCI at reflux for 0, 2 and 4 H respectively.
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FIGURE 23

Absorption spectra of 250 ppm aqueous suspensions of SWy-1. Curves (top,
middle and bottom) represent spectra of acid digested clay (0.5 % wt/wt in distilled
water) in 2.6 N HCl at reflux for 0, 6 and 12 H respectively.
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fluorescence to neither octahedral nor tetrahedral iron is possible because both
locations dissolve with acid treatment (Novak and Cicel, 1978).
Analysis of the iron released from the clay into the surrounding acidic medium
presented some difficulty. Three methods were used, UV/vis absorption, graphite
furnace AA and direct coupled plasma emission spectroscopy (Table 6). UV /vis
analysis of Fe absorption at 336 nm gave low iron concentrations compared to a
standard FeC13 curve in dilute HCl. The graphite furnace and the plasma emission
results were comparable for SHCa-1, STx-1 and SWy-1 but varied for SWa-1.
Comparison of extract results (Table 6) to total iron (Table 2) reveals that the plasma
emission results are probably the most accurate. After 12 H, 17.63 wt/wt was found
for SWa-1. This is higher than the 13.83 found for the total iron (reported
previously) but nevertheless within the range found by various researchers for this
clay sample (see Table 2). In any case, qualitative results show that iron comes out
into solution but quantitative methodology is not as accurate as desired.
Clay fluorescence with added iron: We wished to confirm the relationship
between the observed clay fluorescence and presence of iron. Iron salts were added
to SHCa-1, a non iron-bearing clay. Aqueous suspensions of Fei03 , an insoluble
Fe3 + compound, showed no fluorescence either in the presence or absence of clay.
Similarly, an aqueous solution of the Fe2+ salt, FeC12 , gave no fluorescence with or
without clay.
We observed that aqueous solutions of soluble FeH salts, either the nitrate or
the chloride, strongly promoted fluorescence. Individually, neither the SHCa-1
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TABLE 6
IRON EXTRACT ANALYSIS, % wt/wt of clay 1

Clay
SHCa-1

STx-1

SWy-1

SWa-1

1

2

3

UV/vis

Furnace

DC Plasma

2

-2

0.17±0.02

0.21±0.004

4

0.22±0.013

0.17±0.02

0.21±0.004

6

0.22±0.01

0.22±0.03

0.21±0.004

12

0.22±0.01

0.18±0.02

0.21±0.004

2

0.37±0.04

4

0.48±0.05

0.26±0.01

0.33±0.006

6

0.60±0.06

0.36±0.00

0.40±0.007

12

0.75±0.06

0.43±0.00

0.49±0.008

2

0.10±0.01

0.95±0.02

0.69±0.008

4

0.60±0.03

1.00±0.07

0.98±0.170

6

0.80±0.05

1.15±0.12

1.17±0.020

12

1.10±0.09

1.65±0.17

1.43±0.025

2

4.50±0.13

13.8±0.34

15.9±0.140

4

7.20±0.43

18.0±3.31

16.8±0.080

6

7.80±0.39

19.2±2.31

17.0±0.090

12

8.20±0.41

22.0±1.86

17.6±0.110

Hours

0.25±0.005

Analysis of iron in clay removed by acid digestion of clay samples.

-,

Broken sample containers.

Errors are standard deviations based on three measurements.
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clay nor the iron fluoresced. At low added iron concentrations no fluorescence is
exhibited in the 400-800 run region. Higher concentrations ( 17 % wt/wt) of iron result
in fluorescence spectra identical to that of iron-bearing clays. An example with FeC13
is shown in Figure 24. Spectral shape was nearly identical with NG-1 as were
intensities. With a series of Fe(N03) 3 concentrations a plot of log % iron content vs.
log 408/240 intensities is linear, exactly as with the naturally occurring clays, with a
correlation coefficient of 0.979 (Figure 25). When all the samples (natural clays plus
iron-added samples) are graphed together (Figure 26) a suprisingly good correlation
continues to be observed (0.957). This is especially surprising since spectra were
taken over a 6 month period and any fluorescence instrument can be expected to vary
somewhat over time. In particular, the xenon light source tends to decrease in
intensity over time (Photon Technology International, Inc.). Relative peak intensities
remain constant though and are taken into account by using the 408/240 run
comparison.
The above results show unequivocally that the observed clay fluorescence is
caused by the presence of iron. The iron must be in the Fe3 + soluble state (if added)
as neither the Fei03 nor the Fe2 + salts caused fluorescence. The iron does not have
to be intracrystalline but most likely is closely associated with the clay particles either
as an exchange cation, on the edges or on the basal surface. A proposed structure for
the iron appears later.
Successive additions of FeH in large amounts to several clays determined the
plateau or maximum fluorescence value. Iron III as either the nitrate or chloride were
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FIGURE 24

Fluorescence spectrum of an aqueous suspension of SHCa-1 treated with 170
ppm Fe (as FeC13). Excitation wavelength is 240 nm. Emission intensity is in
arbitrary units. The emission spectrum is corrected for wavelength variations of the
emission monochromator and the photomultiplier tube.
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FIGURE 25

Plot of the fluorescence of an aqueous suspension (830 ppm) of SHCa-1 treated
with various iron levels (as Fe(N03) 3). Ordinate values represent the log % of iron
added. Ordinate values represent the log of the 408 nm emission intensity divided by
the 240 nm Rayleigh scattering intensity.
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FIGURE 26

Combined plot of the fluorescence of natural clays and iron-treated SHCa-1.
Abcissa values represent the log % of iron present. Ordinate values represent the log
of the 408 nm emission intensity divided by the 240 nm Rayleigh scattering intensity.
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TABLE 7
MAXIMUM FLUORESCENCE OF SHCa-1
WITH ADDED IRON [as Fe(N03) 3]

Fluorescence Intensity 1
log % Fe

% Fe

240 run

408 run

465 run

0.2

26,900

104

---2

87.4

-0.796

-2.413

1.7

3,063

84.6

---2

56.5

0.220

-1.559

2.7

1,068

85.7

153

57.6

0.425

-1.096

5.2

108

99.5

104

72.8

0.713

-0.036

7.7

36.4

102

118

85.1

0.884

+0.447

10.2

28.2

91.6

112

89.8

1.085

+0.512

15.2

27.0

78.0

109

95.0

1.181

+0.461

20.2

20.6

81.4

109

94.4

1.304

+0.597

25.2

22.6

76.2

103

86.7

1.401

+0.528

30.2

28.0

79.5

101

80.6

1.479

+0.453

35.2

30.6

77.9

94.3

74.1

1.546

+0.406

533 run

1

All intensities represent an absolute standard deviation of 5. 3.

2

No reading obtained due to the 480 run Rayleigh scattering overtone.

log 408/240
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TABLE 8
MAXIMUM FLUORESCENCE OF STx-1
WITH ADDED IRON [as Fe(N03) 3]

Fluorescence lntensity 1
% Fe

240 nm

0.4

35,100

401

-0.347

-1.942

5.4

314

405

0.736

+0.111

8.0

57.5

364

0.900

+0.801

10.4

34.0

347

1.019

+l.009

15.4

30.0

331

1.188

+1.043

20.4

23.0

306

1.311

+ 1.124

1

408 nm

log % Fe

All intensities represent an absolute standard deviation of 5 .3.

log 408/240
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TABLE 9
MAXIMUM FLUORESCENCE OF KGa-1
WITH ADDED IRON (as FeC13)

Fluorescence Intensity 1
log % Fe

% Fe

240 nm

408 nm

465 nm

533 nm

0.2

39,100

747

---2

662

-0.745

-1.719

1.4

15,300

532

---2

584

0.155

-1.459

2.7

3,800

423

---2

568

0.428

-0.953

3.9

1,148

366

533

538

0.594

-0.496

5.2

392

330

481

525

0.714

-0.075

7.7

78.0

321

476

538

0.885

+0.614

10.2

41.4

322

480

539

1.008

+0.891

1

All intensities represent an absolute deviation of 5.3.

2

No reading obtained due to the 480 nm Rayleigh scattering overtone.

log 408/240
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added to SHCa-1, STx-1 and KGa-1. KGa-1 was included to determine if there is a
difference due to its 1: 1 tetrahedral to octahedral structure. Tables 7-9 list the data.
Figures 27-29 show the data graphically using the log 408/240 vs. log % iron
relationship.
Inspection of the three graphs reveals the amount of iron necessary to reach the
point of maximum fluorescence. The left part of the curve shows the linear
relationship with iron previously described. The right hand section of the graphs
show no further increase in fluorescence. For KGa-1 (Figure 29) more iron needs to
be added to definitely show no further increase, however. Using both graph sections
to interpolate a "break point" gives the maximum fluorescence and the corresponding
amount of added iron.
For SHCa-1, STx-1 and KGa-1 the maximum fluorescence is at 8.2, 8.2 and
8.9% added iron. Using data from the adsorption isotherm section (discussed below),
the amount of iron actually adsorbed onto the surface of the clay can be determined.
This corresponds to 7.3, 6.6 and 3.2% for SHCa-1, STx-1 and KGa-1 respectively.
The KGa-1 does actually adsorb less iron than the 2:1 layer silicates. Using unit cell
formulae (Table 10) the molar iron adsorbed per mole (or unit cell) of clay is 0.97,
0.93 and 0.15 for SHCa-1, STx-1 and KGa-1. This is a virtual 1:1 correspondence
for the 2:1 silicates and much less for the 1:1 silicate, KGa-1. KGa-1 would be far
less expanded (Moll, 1993) exposing less silicate surface as well as being far less able
to form a tetrahedral:tetrahedral sandwich to present to the iron.
Fluorescence with added iron coordination location and structure: We wished
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FIGURE 27

Fluorescence of iron-treated (as Fe(N03) 3) SHCa-1 (1000 ppm total aqueous
suspension, ppm Fe plus ppm SHCa-1). Abcissa values represent the log 3 of iron
added (as 3 wt/wt iron/SHCa-1). Ordinate values represent the log of the 408 nm
emission intensity divided by the 240 nm Rayleigh scattering intensity.
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FIGURE 28

Fluorescence of iron-treated (as Fe(N03) 3) STx-1 (1000 ppm total aqueous
suspension, ppm Fe plus ppm STx-1). Abcissa values represent the log % of iron
added (as % wt/wt iron/STx-1). Ordinate values represent the log of the 408 nm
emission intensity divided by the 240 nm Rayleigh scattering intensity.
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FIGURE 29

Fluorescence of iron-treated (as FeC13) KGa-1 (1000 ppm total aqueous
suspension, ppm Fe plus ppm KGa-1). Abcissa values represent the log % of iron
added (as % wt/wt iron/KGa-1). Ordinate values represent the log of the 408 nm
emission intensity divided by the 240 nm Rayleigh scattering intensity.
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TABLElO
IRON III MAXIMUM FLUORESCENCE BASED ON BREAK POINT ANALYSIS

Molecular
Weight

Moles Fe
per Mole Clay

Clay

Unit Cell
Formula

SHCa-1

N <lo.ssMgs .4sLio.ssSis020F2

731

7.3

0.97

Stx-1

Al3_33Mgo.61Sia020(0H)4

733

6.6

0.93

KGa-1

Al2Si20 5(0H) 4

258

3.2

0.15

% Sorbed
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to determine the location and possibly the structure of the added iron-caused
fluorescence. Location would be at an ion exchange site, edge coordination or
sorption on the basal plane (face) of the crystal. The structure could also be
crystalline, or merely coordinated and semi-crystalline or amorphous.
Phosphate adsorption experiments will indicate crystal side coordination. Iron
adsorption isotherms will indicate either ion exchange site location or face adsorption.
Extraction with pH 3 ammonium oxalate will infer degree of crystallinity of the
adsorbed iron.
pH3 Oxalate extraction: A pH 3 ammonium oxalate solution (0.2 N) extracts
non-crystalline or poorly crystallized iron forms (Banin et al., 1993; Stucki, Goodman
and Schwertmann, 1988; and Mckeague and Day, 1966). For example, the oxalate
extraction will dissolve ferrihydrite but not goethite (Stucki et al., 1988).
Virtually all the iron added to SHCa-1 was removed by the oxalate extraction
technique. Over 95 3 of the iron could be accounted for by DCP. This implies that
any iron bound to the clay surface is non-crystalline or poorly crystalline and not clay
intracrystalline.
Phosphate edge blocking: Phosphate is reported to tightly bind to the edges of
clay particles (Solomon and Hawthorne, 1983). If one blocks these edge sites and
fluorescence decreases or is eliminated with the addition of Fe3 + salts, this indicates
edge sites as the location of Fe3+ induced fluorescence.
Fe3 + was added to SHCa-1 after phosphate treatment. We saw the identical
effect with non-phosphorus-treated clay. Blocking of the edges sites with sodium
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tripolyphosphate had no effect on the observed fluorescence. Phosphorus could also
not be detected in the supernatant after iron addition as determined by DCP,
indicating that iron did not displace the phosphorus on the edge sites. The location of
added FeJ+ induced fluorescence cannot be on the edges of the clay particles.
Iron sorption isotherms: Data for the adsorption isotherms (clay uptake of
FeJ+) are listed in Table 11. In all cases, small amounts of added Fe3+ result in little
detectable iron in the supernatent. Results are shown graphically in Figures 30-32.
The Fe3 +, added as salts, bind to STx-1, SHCa-1 and KGa-1 far in excess of their
cation exchange capacities (CECs). CECs are 84.4, 43.9 and 2 mEq/100 g clay
respectively (Lemons and McAtee, 1982). These CECs correspond to 1.6, 0.83 and
0.043 iron based on the weight of the clay for STx-1, SHCa-1 and KGa-1
respectively.
Iron adsorption can be viewed as actual sorption isotherms, expressed as g
Feig clay sorbed vs. equilibrium concentration in the supernatant after centrifugation

(ppm, Figures 33-35). This shows that there is high initial sorption onto the clay
followed by a more gradual adsorption. Again if the iron were bound by simple ion
exchange, one expects an extremely steep rise in sorption followed by a virtually flat
curve.
If one views the sorption isotherms as a "titration" with a break point, then

the Fe3 + sorption per unit cell can be estimated. The unit cell weight is the
"molecular weight". These break points as determined by graphical analysis are listed
in Table 12 as well as the estimated unit cell formulae and molecular weights from

TABLE 11
ADSORPTION ISOTHERM DATA

Clay
STx-1

SHCa-1

KGa-1

wt. % of
Applied Iron III

Equilibrium
Concentration of
Fe (ppm) in supernatant

Adsorption
(g/g)

log x/m
(g/g)

0
5.26
8.11
11.1
17.64
25

0.44±0.06
6.1±1.1
18.6±3.0
35±4.3
73.2±6.2
112±9.8

0
0.046
0.061
0.072
0.090
0.11

-1.335
-1.215
-1.141
-1.044
-0.959

-0.357
0.785
1.269
1.544
1.865
2.049

0
5.26
8.11
11.1
17.64
25

0.1 ±0.01
1.8±0.04
11 ±0.08
28.6±0.19
70.3±8.1
110±6.3

0
0.051
0.069
0.079
0.094
0.112

-1.292
-1.160
-1.101
-1.028
-0.951

-1
0.255
1.041
1.456
1.847
2.041

0
1.27
2.56
3.9
5.26
8.11
11.1

0±0.0
5.7±1.1
16±2.3
27.6±4.1
39.8±3.7
54.2±4.1
67.2±7.2

0
0.0069
0.0092
0.0103
0.0107
0.0225
0.3644

-2.162
-2.035
-1.988
-1.969
-1.648
-1.438

0.756
1.204
1.441
1.600
1.734
1.827

log C (ppm)

'°v.>

94

FIGURE 30

Unbound iron concentration (ppm) when added as Fe(N03) 3 to SHCa-1.
Abcissa values represent the percent Fe added on a wt/wt basis. Ordinate values
represent the iron concentration in the supernatant of a treated SHCa-1, centrifuged
suspension.
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FIGURE 31

Unbound iron concentration (ppm) when added as Fe(N03) 3 to STx-1.
Abcissa values represent the percent Fe added on a wt/wt basis. Ordinate values
represent the iron concentration inthe supernatant of a treated STx-1, centrifuged
suspension.
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FIGURE 32

Unbound iron concentration (ppm) when added as FeCl3 to KGa-1. Abcissa
values represent the percent Fe added on a wt/wt basis. Ordinate values represent the
iron concentration in the supernatant of a treated KGa-1, centrifuged suspension.
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FIGURE 33

Sorption isotherm of SHCa-1 treated with varying amounts of iron (as
Fe(N0 3) 3). Abcissa values represent the iron equilibrium concentration in solution
after adsorption. Ordinate values represent iron adsorption (g iron/g clay).
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FIGURE 34

Sorption isotherm of STx-1 treated with varying amounts of iron (as
Fe(N0 3) 3). Abcissa values represent the iron equilibrium concentration in solution
after adsorption. Ordinate values represent iron adsorption (g iron/g clay).
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FIGURE 35

Sorption isotherm of KGa-1 treated with varying amounts of iron (as FeC13).
Abcissa values represent the iron equilibrium concentration in solution after
adsorption. Ordinate values represent iron adsorption (g iron/g clay).
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TABLE 12
IRON III SORPTION BASED ON BREAK POINT ANALYSIS

Clay

Unit Cell
Formula

Formula
Weight

Sorption
(g Feig Clay}

SHCa-1

Nao_55Mg5_45Lio_55Sis020F2

731

0.07

0.91

STx-1

Al 3 .33 Mg0 _67Si 80 20 (0H) 4

733

0.06

0.79

KGa-1

Al 2Si20 5(0H) 4

258

0.009

0.42

Moles Fe
per Mole Clay

.......
0

0\
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Nemecz (1981). Using this information, the moles Fe adsorbed per unit (or mole)
clay is 0.91, 0.79 and 0.042 for SHCa-1, STx-1 and KGa-1 respectively.
An analysis of the adsorption isotherm curve shapes is also revealing. If the
sorption were partitioning, one would expect the curve to follow the formula
x/m = kC
where x/m is the amount sorbed (gig), C the equilibrium concentration (ppm) and k
the partitioning constant (Boyd and Jaynes, 1992). As can be seen in Figures 30-32
there is no linear correlation, so the mechanism is not partitioning.
If the sorption were the buildup of a surface coverage where the iron would

be of a monolayer type, the curves would follow the Langmuir adsorption isotherm
below (Patterson, 1992)
C/(x/m) = l/(a

* b) + C/a

where x/m and C are as above, a is a constant related to the surface area of the
sorbent and b is a constant giving a measure of the intensity of the sorption. A plot
of C/(x/m) vs. C does not give a straight line so sorption cannot be a simple
equilibrium coverage on the clay surface.
Another sorption isotherm is largely empirical, the Freundlich isotherm
(Patterson, 1992) where
x/m = kCn
where x/m and C are as above. k is a constant relating to the general capacity of the
absorbant for the absorbate (i.e., the number of adsorption sites) and n is a constant
relating to the manner in which the efficiency of adsorption changes as it progresses
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from high to lower adsorbate concentration.
It follows that

log x/m = log k

+ n(log C)

where a plot of log x/m vs. log C should give a straight line.
The adsorption isotherms for STx-1, SHCa-1 and KGa-1 all follow the
Freundlich isotherm (Figures 36-38). Correlation coefficients are 0.994, 0.990 and
0.990 for STx-1, SHCa-1 and KGa-1 respectively. Only the first four points were
used for the KGa-1 plot.
Freundlich isotherm behavior implies discreet active sites on each of the clays.
Some sort of mechanism change must occur for the KGa-1 after 53 iron is added.
Both the adsorption isotherm (Figure 35) and the Freundlich analysis (Figure 38)
show a dramatic change in slope for KGa-1. Possibly an iron precipitation occurs.
The adsorption isotherm appears to follow a Type II system better described by the
BET (Brauner, Emmett and Teller) equation where a liquid is assumed to be present
on the particle surface after adsorption from a gas phase. KGa-1 as a kaolin clay is
expected to be different than the smectites SHCa-1 and STx-1 due to its 1:1
tetrahedral layer to octahedral layer structure, the lack of intercalation between the
layers under normal circumstances, and different surface properties.
If the Freundlich isotherms are viewed as moles iron/moles clay sorbed vs.

the equilibrium concentration in molarity, the k value obtained can be viewed as a
measure of the number of active sites on a mole/mole basis. Then and k values as
well as the CEC's are listed in Table 13. Then values are all similar (0.18, 0.29 and
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FIGURE 36

FREUNDLICH ADSORPTION ISOTHERM OF SHCa-1
Abcissa values represent the log of the equilibrium concentration of iron in
solution (ppm). Ordinate values represent the log of iron adsorption (g iron/g clay).
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FIGURE 37

FREUNDLICH ADSORPTION ISOTHERM OF STx-1
Abcissa values represent the log of the equilibrium concentration of iron in
solution (ppm). Ordinate values represent the log of iron adsorption (g iron/g clay).
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FIGURE 38

FREUNDLICH ADSORPTION ISOTHERM OF KGa-1
Abcissa values represent the log of the equilibrium concentration of iron in
solution (ppm). Ordinate values represent the log of iron adsorption (g iron/g clay).
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TABLE 13
ADSORPTION ISOTHERM ANALYSIS
Freundlich (x/m = kCn)

_n_

_k_

CEC (mEg/100g) 1
Lemons & McAtee,
1982

SHCa-1

0.18

4.3

43.9

STx-1

0.29

8.3

84.4

KGa-1

0.26

0.35

2.0

1

Lemons and McAtee, 1982
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0.26 respectively) while the k values are very different, being 4.3, 8.3 and 0.35 for
SHCa-1, STx-1 and KGa-1 respectively. Comparison to the CEC values reveals a
striking similarity. The k values for SHCa-1 and STx-1 (4.3 and 8.3) could infer the
buildup of a 5-molar iron layer such as ferrihydrite (Fe50 7(0H)•4H2 0) per unit cell
clay. It could also infer this ferrihydrite layer is begun at a CEC site since the k
values closely parallel the CEC values.
Based on the adsorption isotherm data it appears that iron (as Fe3 +) is adsorbed
to the clay surface initially at a 1: 1 molar ratio for the smectites. This layer could be
an iron octahedrally coordinated layer similar to that of chlorites (Grim, 1968). Here
an octahedral layer develops in the interlayer region. It is similar to the clay
octahedral layer of the structure but with a net positive charge to balance the net
negative charge of the clay. Weaver and Pollard (1975) suggest that Fe3+ may
precipitate in an acidic medium onto montmorillonites to form this chlorite interlayer,
or sheet in nature. The pHs of all the iron-treated clay suspensions were 4-5. As
concentrations are increased, surface concentrations increase with the possibility of
ferrihydrite formation. Banin et al (1993) have observed lepidocrocite (-y-FeOOH)
formation (structurally similar to ferrihydrite) on the surface of smectites (SWy-1)
using iron II compounds, and Coyne and Banin (1986) have suggested that surface
iron clusters may form above a critical iron concentration using a mixed iron II/iron
III-treated smectite (SWy-1).
We have constructed a model based on the data collectively for iron, i.e. 1) it
is not "crystalline"; 2) it is not edge-located; 3) sorption is in excess of the CEC, and
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4) it exhibits definite adsorption isotherms. This model is that 1) at low iron levels
the iron coordinates with the clay on the clay face; 2) at increased iron content a
structure develops that produces a definite fluorescent maximum. This is at a 1: 1
mole:mole ratio for the iron:clay coordination. The iron is octahedrally coordinated
on the clay surface and is poorly or non-crystalline. With further iron additions, iron
clusters form, resembling ferrihydrite.
Reduced structural iron: A sample of reduced-iron SWa-1 was obtained from
Dr. Joseph Stucki of the University of Illinois through Jia Du of Loyola University of
Chicago. The reduced clay sample showed a spectra similar to that of SWy-1 (Figure
39). Upon oven drying and resuspension, an emission spectrum similar to oxidized
SWa-1 is obtained. Reduced iron does not contribute to fluorescence. Upon
oxidation of the sample by oven drying, the fluorescence of Fe3+ appears. When
using interpolation from the log 3 iron vs. log 408/240 run plots, the reduced sample
showed 7.43 wt/wt iron (i.e. 7.43 wt/wt Fe3+) and the reoxidized sample 29.13
wt/wt iron. This represents 253 oxidized iron in the "reduced" sample [(7.4/29.1)

*

100]. When the sample was returned to Dr. Stucki, he reported 18.2% unreduced
(i.e. oxidized) iron and 38.43 unreduced iron in a retained control sample. The
retained sample (18.2 3 oxidized) is expected to be less oxidized due to less sample
atmospheric exposure due to shipping and handling. The number found by
fluorescence, 253 oxidized, falls between the retained sample (18% oxidized) and the
returned sample (38.43 oxidized). This supports the concept that Fe3 + again is the
cause of the fluorescence with Fe2+ presence, causing little if any quenching.
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FIGURE 39

Fluorescence spectrum of "reduced" SWa-1. Spectrum is of a 1000 ppm
suspension of SWa-1. The iron in the sample had previously been reduced in Dr.
Stucki's lab in Urbana, Illinois. Excitation wavelength is 240 nm. Emission intensity
is in arbitrary units. The emission spectrum is corrected for wavelength variations of
the emission monochromator and the photomultiplier tube.
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Analytical application of iron content: Relative emission intensities of any
given clay can be used to construct a standard curve for the analysis of iron content in
clay. Interpolation from the log % iron vs. log 408/240 nmm plot can determine the
iron content of an unknown clay if the solids content in suspension is known. These
are non-destructive methods and are much faster and easier than either wet chemical
analysis or X-ray diffraction.
Spectral features were studied in relation to clay suspended solids
concentration. At high concentrations, the possibility of self-quenching exists. Ions
in close proximity may absorb emitted light. A plot of clay concentration (percent
solids in suspension) vs. emission intensity should be directly related to sample
concentration in the absence of self-quenching effects. From a concentration range of
125 to 1200 ppm we found a linear 0.999 correlation coefficient for a series of diluted
aqueous SWa-1 suspension. Data is listed in Table 14 and illustrated in Figure 40.
Samples with lower iron content exhibit a higher detection limit. From a standard
curve of a known clay, clay concentration in aqueous suspension can be quantified.

Summary
This study investigated the fluorescence characteristics of aqueous suspensions
of eight naturally ocurring smectites, one synthetic smectite and one attapulgite,
varying in iron content from 0-30 wt/wt%. It discloses a new smectite property,
fluorescence. This fluorescence is directly correlated with iron content. It may also
be used to determine the concentration of a suspension containing a known clay.
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TABLE 14
CONCENTRATION VS. FLUORESCENCE OF SWa-1

Fluorescence Intensity

1.6±0.03
42.6±1.1
71.8±2.3
165±4.4
273±5.5
381±7.2
490±3.1
595±4.1
687±2.9
760±5.1
894±4.8

ppm Clay

0
75
125
250
375
500
625
750
875
1000
1200
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FIGURE 40
Fluorescence intensity of several suspensions of SWa-1. Excitation frequency
is 240 run. Abcissa values represent suspension content of clay (ppm). Ordinate
values represent 533 run emission intensity in arbitrary units.
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CHAPTER III
PART A
FUNCTIONALIZATION OF CLAY SURFACES
ORGANIC COMPOUND REMOVAL
FROM AQUEOUS SOLUTIONS BY SILANIZED CLAY

Introduction
Clays have a long history as sorbents. Absorbent clays were used as long ago
as 5000 B. C. for fulling wool in Cyprus (Robertson, 1986). Montmorillonite and
attapulgite have been used both as an absorbent, e.g. to remove oil from sheep's wool
and an adsorbent, e.g. to remove pigments from edible oils (Robertson, 1986;
Hassler, 1963; and Odom, 1993). Clay sorbs a wide variety of molecules by either
electrostatic or physical processes including pore entrapment, ion exchange, hydrogen
bonding, electron transfer, etc.(Newman, 1987; Theng, 1974; Gibbons and
Soundarajan, 1988; and Johnston and Vala, 1993).
Absorbent clays are defined as those clays that possess the natural attributes of
large porosity and surface area, important properties for absorption. In addition, their
physical durability makes them attractive for filtration purposes. If processed to an
LVM (low volatile material) state (see below) they become more durable and no
longer slake in an aqueous environment. This LVM state is often mistakenly termed
"calcined", a name given to the process of producing CaO from CaC03 •
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Oil-Dri Corporation of America manufactures two LVM clays. One is an
attapulgite/smectite from south Georgia and the other a calcium montmorillonite from
northeast Mississippi. They can be obtained in a wide variety of particle sizes from a
powder to 2 cm in diameter. Both are characterized by Brunauer, Emmet and Teller
(1938) nitrogen sorption (B.E.T.) surface areas (Brunauer et al., 1938) of -100 m2/g
with porosities of 0.8-0.9 mL/g and the majority of the pores of diameters ranging
from 30-125

A2 •

For the above reasons these clays are good candidates for silanization and
subsequent filtration of aqueous solutions. If treated properly they should remove
organic contaminants from aqueous solution. Chapter Ill.A describes that process.
Commercial processing of these clays is as follows (Moll and Goss, 1987).
The clay is mined, hauled to the plant and shredded into small pieces (1-10 cm). The
clay is then dried in a rotary dryer to reduce the moisture. For LVM products, the
clay goes through a second dryer to further reduce moisture. After being dried, it is
crushed into granules or smaller sized particles. The clay then goes over flights of
screens to remove oversized or undersized materials. These various processing steps
are illustrated in Figure 41.
Proper drying techniques are essential for developing and maintaining the
porosity and surface area to ensure acceptable sorptivity for montmorillonite and
attapulgite (Moll and Goss, 1987). At temperatures between 100 and 200° C, water
in the interlayer region of montmorillonite or in the tubes of attapulgite begins to
depart. At higher temperatures, certain tightly bound water molecules in attapulgite
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FIGURE 41

Absorbant clay processing flow diagram after Moll, W.F. and G.R. Goss
(1987), Mineral carriers for pesticides - their characteristics and uses, American
Society for Testing and Materials STP 943. Used with permission.
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begin to leave. Rehydration becomes increasingly difficult. Between 500 and 800°
C, the hydroxyl ions begin to combine to form water, which then leaves the structure.
Attapulgite forms a crystalline anhydride beyond 500 ° C. On extreme heating to
1000° C or above, the crystal structures completely disappear. The amorphous
silicate recrystallizes to high-temperature phases. Absorptive clay is not subjected to
the highest such extreme temperatures (800-1000°C) during processing, for the
hydroxyl groups generally remain. As the heating progresses, even below 400° C,
the crystals no longer have a surface coat of water and tend to interlock and form a
harder mass, and small amounts of iron oxidize to a reddish color. Granules that
have experienced only enough heat to drive out most of the pore and interlayer water
are called RVM (regular volatile material). Those that have lost all of the pore or
interlayer water have become LVM types. The LVM types, because of the tighter
interlocking of the crystallites, tend to be harder and far less dispersible in water,
i.e., they do not slake.
The clay can be manufactured in a wide variety of particle sizes. The size
distribution chosen for use in this study is 20/60 LVM granules. These are often
known commercially as "24/48" granules. The largest particles will pass through a
20 mesh sieve (0. 84 mm) and the smallest particles will be retained by a 60 mesh
(0.25 mm) sieve.
Montmorillonite reacts rather easily with charged organic materials. One
example is the exchange of inorganic exchange cations with organic quaternary
ammonium ions. Montmorillonites modified by intercalation of organic cations such
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as the n-alkylammonium compounds can interact with other organic compounds. The
process involves placing an aqueous clay suspension in contact with the charged
organic molecule and usually results in the swelling of the clay. The subject is
reviewed by Weiss (1963, 1969). Recently, interest has centered on the removal of
organics such as benzene, nitrobenzene, ethylbenzene, propyl benzene and dioxins
from aqueous solutions by these quaternary ammonium treated clays (Boyd and
Jaynes, 1992; Lee et al., 1989b; Lee et al., 1990; Jaynes and Boyd, 1991b; Boyd et
al., 1988b; Jaynes and Boyd, 1990). They perhaps can line landfills to prevent
contamination of groundwater. A similar but separate approach treats soils with
quaternary amines. These intercalate in the clay fraction helping to immobilize or
sorb organic contaminants (Boyd et al., 1988a; Lee et al., 1989a; and Jaynes and
Boyd, 1991a). Several patents have also been issued (Beall, 1983; Beall, 1985; Cody
and Magauran, 1992; Hippocrate, 1983; and Fugler and Goodman, 1985).
Another example of organic modifications is reaction with silanes. This
includes kaolin as well as silicas. Silane-modified kaolin clay sees extensive use to
benefit polymer compositions. In this use, the silanes are referred to as coupling
agents (Plueddeman, 1991). Silane-modified silicas such as silica gel, precipitated
silicas, glass and diatomaceous earth find use in either normal or reverse-phase
chromatography (Unger, 1990; Poole and Poole, 1991; Brouwer et al., 1990; and
Good, 1981).
Silane-modified silicas in addition to organic polymer compositions have
recently been used as a solid phase extraction method. This method concentrates a
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dilute aqueous sample of an organic compound for subsequent analysis (Hagen et al.,
1990; Hutta et al., 1989; Chladek and Marano, 1984; and Thome and Vandaele,
1987). Private industry has supported most of the development work. A wide variety
of commercial sorbents are available (Zief and Kiser, 1988). These can be either
silinated silicas with different functional moieties or polymer compositions (Zief and
Kiser, 1988).
We have chosen to use chemical modifications of the LVM clays. By
attaching long chain hydrocarbons to the clay surface the clay removes contaminants
from aqueous solution.

Materials and Methods
Clay source: 24/48 LVM-GA and 24/48 LVM-MS clays (mined in Georgia
and Mississippi respectively) were donated by Oil-Dri Corporation of America,
Chicago, IL. These are heat treated clays with particle sizes within 250 µm to 840
µm.

Silanization process: Prior to silane treatment, clays were water washed to
remove any small adherent particles and dried overnight at 160 ° C to remove most, if
not all, of the bound water. Clays were treated with n-octadecyldimethylchlorosilane.
Either pyridine or trimethylamine was used as base/catalyst in a 2: 1 molar ratio to the
silane. Treatments ranged 0 to 290 mg silane per gram clay. They were refluxed 4
H in 10 g batches in 100 mL solvent, either dichloromethane or acetonitrile.
Silanized clays were then filtered and washed with dichloromethane to remove
unreacted silane, then washed with water to remove any remaining salts. The clays
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were dried overnight at 110° C. Silane treatment was quantified gravimetrically.
Surface Area Measurement: Surface area were measured on a Ornnisorp 100
B. E. T. surface area analyzer (Coulter Corp., Hialeah FL).
Sorption isotherms: Two types of sorption isotherms were conducted, both at
room temperature. The first type of isotherm varied the concentration of organic
compound while keeping clay concentration constant. In these measurements, 0.04 g
clay were placed in each of 3 dram (14 rnL) vials. To this was added 10 rnL of
water containing various concentrations of dissolved organic material. The second
method varied the clay quantity while keeping the aqueous organic concentration
constant. Clay samples (0.1-1.0 g) were placed in 3 dram vials and 10 rnL of an
aqueous organic solution added. All isotherms but the comparison to activated
charcoal use the first method.
The clay/aqueous mixture for both methods were sealed in the vials with foillined caps and agitated at 180 r.p.m. on an Emdeco Rotator, (Electromechanical
Development Company, Houston, TX) at room temperature. Preliminary analysis by
UV /VIS showed sorption to be nearly complete after 1 H. Samples were removed
after 2 H and the clay granules allowed to settle.

Supernatant was withdrawn and the

concentration of remaining organic compound determined by interpolation from a
standard UV absorption/concentration curve with a Hewlett Packard 8452A diode
array spectrophotometer. Distilled water free of organic contaminants provided a
baseline control, and one organic level with no clay provided as a "positive" control
assured that no organic loss to the atmosphere occurred.
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Infrared spectra: Infrared spectra were taken on an M series M1200 FTIR,
MIDAC Corporation, Costa Mesa, California. Solid (7.5 mg) was ground with 0.2 g
KBr in a mortar and pestle. This mixture was placed in a Beckman K-13 pellet press
(Beckman-RIIC, Glenrothes Fife, Scotland) and compressed at 12,500 lbs. (5,670 kg)
press for 2 minutes in a Model C hydraulic press (Fred S. Carver, Inc., Wabash,
Indiana).
Chemicals: Nitrobenzene, benzene, toluene, m-xylene, cumene (isopropyl
benzene), ethylphenyl ether and KBr were reagent grade from either Fisher or
Aldrich. n-octadecyldimethylchlorosilane was obtained from Hiils America, Bristol,
PA. Sorption isotherms were conducted in a series of concentrations in the range of
0-1500 ppm for nitrobenzene, 0-1300 ppm for benzene, 0-500 ppm for toluene,
0-150 ppm form-xylene, and 0-40 ppm for cumene.

Results and Discussion
Silanization: Because the reactive silanol content on the clay surface was
unknown, excess silanization reagent was used. Unreacted silane was approximately
70-803 as calculated by the difference from clay weight gain. No effort was made to
optimize the process. Kinkel and Unger (1984) reported that, with a catalyst such as
pyridine, triazole, imidazole, quinuclidine, 2,6-lutidine or 2,4-lutidine, 4 H of
refluxing is adequate for silica. Further reaction times resulted in little increase in
reacted silane. We chose 4 Hof reaction time and did not further investigate the
effects of time. We confirmed the findings of Kinkel and Unger (1984) that
dichloromethane is slightly superior to acetonitrile as a solvent. Table 15 shows the
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results. In all cases in acetonitrile, 37-39 % of applied silane reacted. For
dichloromethane the amount reacted (described as per cent of applied) increased with
decreasing applied silane to a value approaching that of the acetonitrile.
Table 16 shows the effect of base on silanization. With trimethylamine, the
percent of applied was less than that for pyridine (both in acetonitrile). For unknown
reasons, this conflicts with Kinkel and Unger (1984) who found equivalent results for
the two bases.
Clay surface: IR analysis confirms that clay surface was silanized. Untreated
clays show a broad OH stretch at 3550-3720 cm- 1 (Figure 42). Clays silanized
heavily, up to 11 3 by weight, showed little or no band at that location but showed CH stretching at 2854 cm-1 (Figure 43). Medium or low silanization (2-53) showed a
lessened but still present OH stretch. The silanized clay granule behavior in water
was also indicative of the degree of silanization. For the 24/48 LVM-MS clay,
incomplete surface wetting began to be observed with about 5 % wt/wt silane
treatment. At or above this level the treated clay granules showed a tendency to float
on water.
When a large quantity of silane was applied to the clays (29 3 by weight) the
24/48 LVM-GA clay retained 5.63 wt/wt of the silane and the 24/48 LVM-MS clay
11.33 wt/wt silane. The MS clay has more opaline silica (a hydrated silicon oxide)
than the Georgia clay (Moll, 1993). Further, the texture of the clay may provide
more accessible hydroxyl groups for reaction. This could account for the observed
differences.
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TABLE 15
SOLVENT COMPARISON FOR SILANIZATION

24/48 LVM-MS clay, 4 H Reaction

g Silane per
g clay

3 of Applied
CH£lz
Acetonitrile

0.15/0.14 1

18.0±2.0

38.2±5.2

0.1 2

27.0±2.5

37.8±3.3

0.062

34.4±3.0

38.9±4.1

1

CH2Cl2 and acetonitrile respectively.

2

For both CH2Cl2 and acetonitrile.
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TABLE 16
BASE/CATALYST COMPARISON FOR SILANIZATION
Acetonitrile solvent, 24/48 LVM-MS, 4 H Reaction

g silane per
g clay

Pyridine

% of Applied
Triethylamine

0.14

38.2±4.5

16.6± 1.2

0.10

37.8±4.1

20.4± 1.8

0.06

38.9±3.5

26.8±2.9
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FIGURE 42

INFRARED SPECTRUM OF LVM-MS, KBr PELLET
0.0075 g clay/0.2 g KBr
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FIGURE 43

INFRARED SPECTRUM OF OCTADECYLSILANE-TREATED
LVM-MS,KBrPELLET
0.0075 g treated clay/0.2 g KBr
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LVM-MS had a surface area of 94.2 m2/g. With 11.3% wt/wt silane, 93.33
of the surface is covered, assuming a cross-sectional area value of 0.4 nm2 /molecule
as estimated by Roumeliotis and Unger (1978) for trimethylchlorosilane. For LVMGA (112.7 m2/g and 5.6 % wt/wt silane), only 38.23 of the surface is covered using
the same calculations. Calculations (Figure 44) show that a rotating -0-Si-C-H chain
(the methyl portion of an n-octadecyldimethylsilane) will occupy 0.51 nm2 of surface
per molecule. Bond lengths are those described in Clark (1985). LVM-GA has 1.05
nm2/molecule. Since LVM-GA has more than 0.51 nm2/molecule available, free
rotation likely occurs with the alkyl chain extended. For LVM-MS there is 0.43
nm2 /molecule. This does not allow for free bond rotation. For the MS clay, thenoctadecyl groups must then extend perpendicularly away from the clay surface
creating a non-polar layer. This agrees well with the description by Wasserman et al.
(1989) and Silberzan et al. (1991). They found octadecyl layers 26.2

A and 22 A

thick respectively on the surface of silanized silicon wafers. This indicates that the
extension is in the trans conformation.
Removal of organic compounds: Once clays were surface treated, or
silanized, we wished to determine if they would remove organic compounds from
aqueous solutions.
Initial data and time effects: First we wished to examine any effect of time on
the phenomenon of removal. Table 17 lists the results and Figure 45 shows them
graphically for 104 ppm toluene and 33 wt/V clay. Sorption, i.e. removal, does
occur and is nearly complete after 1 H. Little further removal is noted even after 6
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FIGURE 44

Calculations for surface coverage of a methyl silane attached to clay. Bond
lengths (from Clark, 1985) are 0.191, 0.195 and 0.109 nm for Si-0, Si-C and C-H
bonds respectively. Radius of a rotating silane is 0.403 nm and total area coverage is
0.51 nm2 •
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H. With untreated MS clay and GA clay with 5.6% wt/wt silane the efficacy of
removal seems to decrease after 1 H. This is an analytical artifact due to the clays'
partial disintigration under agitation that causes an increase in absorbance.
Two H was chosen as a convenient period of time for standard sorption
curves. Sorption was nearly complete after 1 H and long periods of agitation risked
clay partial decomposition,
Varying silane treatment of clay: A series of clays treated with varying
amounts of silane (Table 18) were placed in a solution of 104 ppm toluene containing
3 % wt/V clay and agitated 4 H. Figure 46 shows the results. Removal appears as a
sigmoidal curve, the inflection being at -2.7% wt/wt silane. After 4% wt/wt silane,
little more toluene is removed. Untreated clay removed only 18 ppm toluene while
the 11 % wt/wt silane treated clay removed 73 ppm (or 72 % of that in solution).
Presumably, the clay surface behaves largely as untreated until an - 2 % wt/wt silane
level is reached. At that point the C 18 alkyl chains must be able to aggregate together
sufficiently for a non-polar area to form, thereby attracting the dissolved toluene. Lee
et al. (1989) and Jaynes and Boyd (1991) found sorption characteristics of clays
treated with short chain alkylammonium compounds do not follow a partition
mechanism as compared to those treated with long chain alkyl ammonium compounds.
Their explanation is that the short chain compounds were not large enough to
interact with one another, thus leaving open normal clay surfaces. A well-known
phenomenon in reverse-phase HPLC is the drastic alteration of a column's retention
characteristics by allowing unsilanated hydroxyl groups to interact with solutes. For
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TABLE 17
EFFECT OF TIME ON TOLUENE SORPTION
3 % wt/wt Clay in 104ppm Toluene, 1/12/93
Toluene remaining, UV Analysis

Time

(hrs.)

Clay 1

%2

0.0

0.25

1.0

4.0

6.0

GA

5.56

104

85.8±7.3

71.9±6.1

77.2±6.6

81.5±7.5

MS

11.3

104

49.8±4.2

35.5±2.3

30.3±2.0

27.7±1.6

2A-MS

5.08

104

52.0±4.4

38.1±2.3

34.7±2.2

32.9±2.1

UT MS 3

0.00

104

95.4±8.6

85.8±6.9

86.7±7.2

95.4±9.9

1

Sample designation.

2

Refers to amount of silane ( % wt/wt) on clay.

3

Untreated MS clay.
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FIGURE 45

EFFECT OF TIME ON TOLUENE SORPTION
3 3 adsorbent (based on total liquid weight) 104 ppm toluene in distilled water.
Abcissa values represent time (H) and ordinate values represent toluene remaining in
solution (ppm).
"' Untreated LVM-MS clay
Li LVM-GA clay with 5.63 dimethyloctadecyl silane
• LVM-MS clay with 5.1 % dimethyloctadecyl silane

0 LVM-MS clay with 11.3 % dimethyloctadecyl silane
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TABLE 18
EFFECT OF INCREASING SILANE CONTENT ON TOLUENE REMOVAL
3% clay, 104 ppm Toluene, 4 H

wt % Silane

ppm Toluene Removed

0

17±4.3

1.4

18±4.1

2.4

34±3.9

2.6

20±4.l

3.6

62±4.6

5.1

69±4.6

11.3

74±4.7
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FIGURE 46

Effect of increasing silane content on aqueous toluene (104 ppm) removal.
Abcissa values represent the % wt/wt silane of LVM-MS clay. Ordinate values
represent the ppm of toluene removed by a 3 % adsorbent (based on solution weight)
treatment for 6 hours.
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this reason, many supports are "end capped" with trimethylsilane (Poole and Poole,
1991).
Sorption isotherms: Once we established sorption or removal of organic
compounds from aqueous solution, we wished to determine the mechanism. The most
likely mechanism is partitioning. The clay surface should be covered by a non-polar
alkyl layer that should act much as a "solvent." If this is the case, data should
correspond to the linear equation below (Boyd and Jaynes, 1992).

xlm = kC
where x/m is the amount of material sorbed per unit mass clay (mg/kg), C the
equilibrium concentration (mg/L) and k the sorption coefficient.
A typical isotherm (for cumene) is illustrated in Figure 47. The linearity of
this plot indicates a partitioning mechanism as opposed to an adsorptive process
(Boyd, 1992). The slope, k, indicates the degree of sorption, or preference for the
sorbed species.
If partitioning is the controlling mechanism of sorption, one expects that k

values should increase as water solubility decreases. A series of 6 compounds of
varying water solubility were investigated. These compounds are nitrobenzene,
benzene, ethylphenyl ether (phenetole), toluene, m-xylene and cumene (isopropyl
benzene). The clay used is in all cases lB, a treated 24/48 LVM-MS (Mississippi
clay) with 7.44 3 wt/wt C 18 silane. Their water solubilities, k values and the
correlation coefficient of each plot are listed in Table 19. Data for each isotherm
appear in Tables 20-25. In all cases excellent correlation coefficients are shown,
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FIGURE 47

Cumene sorption by LVM-MS clay treated with 7.443 octadecyldimethyl
silane (0.43 of solution weight). Abcissa values represent equilibrium concentration
of cumene (ppm). Ordinate values represent the amount of cumene adsorbed by the
sorbent (g/kg).
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again confirming a partitioning mechanism.
A plot of k vs. water solubility resulted in a straight line with an R value of
0.987 (Figure 48). Beall (1983) and Lee et al. (1990) found similar results using
clays treated with long chain alkyl ammonium compounds (hexadecyltrimethylammonium chloride). Boyd et al. (1988) and Lee et al. (1989) have also found
similar results using soils treated with long chain alkyl ammonium compounds.
Workers with solid phase extraction techniques have observed less recovery
with the more water soluble compounds (Chladek and Marano, 1984; Hagen et al.,
1990; Hutta et al., 1989). They suggested a partition mechanism occurring in
silanized silicas. No isotherm information is available in the literature. Noting these
partitioning effects, workers have developed various techniques to improve recoveries.
Chladek and Marano (1984) increased the solution ionic strength to improve phenol
recovery and Chladek and Marano (1984) and Hagen et al. (1990) have used HCl in
the samples plus methanol as a bonded-phase wetting agent. Reference to k' values in
the reversed-phase HPLC literature gives guidance to the amount of recovery, i.e.
partitioning, one can expect (Hagen et al. , 1990) for various silica treatments. These
same techniques can most likely be useful to enhance sorption by the silanized clay.
Silanized clay sorbents can likely be designed for specific organics in water. For
example, cyano or diol functionality may enhance removal of polar compounds.
Comparison of silane treated clay to other methods: The literature reports two
methods for removing organic compounds from aqueous solutions on a large scale.
These are use of alkylquatemary ammonium treated clay and of activated charcoal.
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TABLE 19
WATER SOLUBILITIES, PARTITION COEFFICIENTS AND
CORRELATION COEFFICIENTS FOR CLAY lB (MS clay, 7.443silane)

Compound

Water
solubility
(ppm)1

Partition
Coefficient

Correlation
Coefficient

Nitrobenzene

1970

0.005

0.887

Benzene

1780

0.026

0.842

Ethylphenyl ether

1200

0.070

0.990

Toluene

515

0.183

0.954

m-xylene

196

0.259

0.967

Cumene

50

0.271

0.993

1 Riddick and Bunger, 1970
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TABLE 20
CUMENE SORPTION ISOTHERM
0.43 Clay lB (MS clay, 7.443 Silane), 2 hours

Solution ppm
(T=O)

1

Equ. conc. 1
(ppm)

Sorption (g/kg)

40

19.5±0.780

5.12

32

14.5±0.580

4.38

24

10.9±0.436

3.28

16

7.19±0.288

2.20

8

3.65±0.146

1.09

0

0.00±0.0

0.00

Concentration of cumene remaining in solution after treatment with clay.
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TABLE 21
m-XYLENE SORPTION ISOTHERM
0.43 Sorbent, Clay lB (MS clay, 7.443 Silane), 2 hours

Equ. Conc. 1
(ppm)

Sorption (g/kg)

150.0

76.8±6.14

18.3

125.0

56.1±4.49

17.2

100.0

51.4±3.60

12.2

75.0

41.0±2.87

8.5

62.5

36.1±2.53

6.6

50.0

27.8±1.95

5.6

25.0

13.4±0.938

2.9

0.0±0.0

0.0

Solution ppm
CT=O)

0.0

1

Concentrations of m-xylene remaining in solution after treatment with clay.
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TABLE 22
TOLUENE SORPTION ISOTHERM (2/19/93)
0.4% Sorbent, Clay lB (MS clay, 7.443 Silane), 2 hours

Solution ppm
(T=O)

1

Equ. conc. 1
(ppm)

Sorption (g/kg)

500.0

269.2±31.8

57.7

437.5

210.5±90.7

56.8

375.0

210.5±24.6

41.1

312.5

189.2±14.9

30.8

250.0

151.6± 13.6

24.6

187.5

117.0±9.94

17.6

125.0

78.3±6.66

11.7

62.5

50.9±4.33

2.9

0.0

0.0±0.0

0.0

Concentration of toluene remaining in solution after treatment with clay.
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TABLE 23
ETHYLPHENYL ETHER SORPTION ISOTHERM
0.43 Clay lB (MS clay, 7.443 Silane), 2 hours

Solution ppm
CT=O)

1

Equ. conc. 1
(ppm)

Sorption(g/kg)

500

388.8±50.0

27.8

400

318.8±38.0

20.3

300

245.6±22.3

13.6

200

164.0±12.3

9.0

100

83.3±6.5

4.2

50

40.0±2.1

2.5

20

15.0±1.1

1.2

0

0.0±0.0

0.0

Concentration of ethylphenyl ether remaining in solution after treatment with clay.
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TABLE 24
BENZENE SORPTION ISOTHERM
0.43 Clay lB (MS clay, 7 .443 Silane), 2 hour

Solution ppm
(T=O)

Sorption(g/kg)

1137.5

1103.0±127

8.62

975.0

1024.0±118

0.0

812.5

775.0±89.4

9.37

650.0

655.0±75.6

0.0

487.5

496.8±57.3

0.0

325.0

295.0±34.0

7.50

162.5

149.0±17.2

3.38

0.0

1

Equ. conc. 1
(ppm)

0.0±0.0

0.0

Concentration of benzene remaining in solution after treatment with clay.
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TABLE 25
NITROBENZENE SORPTION ISOTHERM
0.4% Clay lB (MS clay, 7.44% Silane), 2 hours

Solution ppm
(T=O)

Sorption(g/kg)

1500

1464±97.5

9.0

1200

1188±137

3.0

900

887±58.5

3.2

600

604±69.7

0.0

300

302±43.0

0.0

100

97.0±18.1

0.75

62.5

61.0±7.04

0.38

0.0

1

Equ. conc. 1
(ppm)

0.0±0.0

0.0

Concentration of nitrobenzene remaining in solution after treatment with clay.
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FIGURE 48

Graph of determined partition coefficients for LYM-MS clay (7.443
octadecyldimethyl silane) and their relation to several compounds' water solubilities.
Data are based on 0.4% wt/wt sorbent/solution weight, 2 H sorption at room
temperature for aqueous solution.
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A comparison to the alkylquaternary ammonium treated clay is shown in Table
26. Data for the alkylquaternaryammonium treated clays is estimated from Lee et al.,
1990 and Jaynes and Boyd, 1991. While the exact compounds were not used in all
cases, the sorption coefficients are similar for compounds of equal solubilities.
A comparison of the silane treated clay 2A (24/48 LVM-MS, 5.083 wt/wt
silane) with activated carbon is shown in Table 27 for toluene. Activated charcoal is
superior to the silane treated clay. Nevertheless we believe that the silane treated clay
should be less expensive to prepare and is recyclable.

Summary
The absorbent clay, 24/48 LVM-MS has been surface-treated with an
octadecylsilane. The clay's high surface area, large porosity, durability and LVM
character make it suited for aqueous filtration. The surface-treated clay is able to
sorb organic compounds from aqueous solution far more efficiently than untreated
clay. This is a partition mechanism, the less soluble the organic compound the more
sorption by treated clay.
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TABLE 26
METHOD SORPTION COMPARISON

Compound

Water
Solubility (ppm) 3

Sorption coefficient
Silane
Alkyl quat

Nitro benzene

1970

0.005

Benzene

1780

0.025

Ethyl phenyl ether

1200

0.07

Toluene

515

0.183

Ethylbenzene

155

0.043 2

a-xylene

175

0.111 1

m-xylene

196

0.259

Cumene

50

0.271

Propyl benzene

50

0. 0791 '0. 0262

0.155 1

0.2-1.52

1

Estimated from Lee et al., 1990, Clays Clay Miner., 38:113-120.

2

Estimated from Jaynes and Boyd, 1991, (Wyoming bentonite with or without
reduced charge respectively for propyl benzene).

3

Riddick and Bunger, 1970
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TABLE 27
TOLUENE SORPTION
SILINATED CLAY VS. ACTIVATED CARBON

Clay

Percent adsorbent
(of total solution)

Toluene Cone. (ppm)

Clay (2A)

0

433

MS clay,

1

300±26

5.1 % silane

3

225±20

5

129±12

Activated

0

433

carbon

1

25±2.5

3

0±0.0

5

3±1.2
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CHAPTER III
PARTB
FUNCTIONALIZATION OF CLAY SURFACES
SORPTION OF IONS FROM AQUEOUS SOLUTION
BY SILANIZED CLAY

Introduction
Chapter III.A provides a description of the clay granules utilized as the
substrate for this work. As described, they are characterized by a high surface area,
high porosity and durability. Once we established that the clay surface could be
modified to remove aqueous organic contaminants, we decided to try to remove both
cationic and anionic ions from aqueous solution by analogous silane surface
modification. Parts A and B inclusive address current environmental issues pertaining
to water purification.
Clays themselves exhibit natural ion exchange capacity. The montmorillonites
in particular (Chapters I and II) show a considerable degree of cation exchange
capacity. These values may range from 80-125 meq/lOOg (Van Olphen and Fripiat,
1979 and Grim, 1968). Little or no anion exchange capacity manifests itself
however, although attapulgite-rich soils are known to adsorb phosphate (Mermut and
Giiliit, 1993).
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No commercial use is made of the exchange capacity for natural clays.
Although they may have a large cation exchange, use for cation removal in aqueous
systems is hampered by their filtration properties. In fact, clay has been often used as
a landfill liner for that exact reason, as a barrier to water percolation (Johnson et al. ,
1985).
Processed absorbent clays, LVM type for aqueous solutions, have low
exchange capacities but good filtration properties. A cation exchange capacity
enhancement combined with the good filtration properties could lead to a useable
system. Some attempts have in fact been made to use unenhanced attapulgite (Morton
and Sawyer, 1976). Grafting a charged silane to the clay surface could have ion
exchange properties, not exhibited normally by clay.
Anions should be removed from aqueous solution by a quaternary ammonium
ion grafted to the clay surface. Cations may be removed by a carboxylate anion
grafted to the clay surface and selective removal (ie. chelation under appropriate
conditions) of cations may be achieved by grafting an EDTA (ethylenediaminetetraacetate, see Figure 49) analog to the clay surface. To our knowledge, there have
been no attempts to modify clay surfaces to behave in the aformentioned manner.
While functional silanes are used as coupling agents for functional fillers in
polymers, these are almost exclusively designed for organic functionality such as
attaching a vinyl group to the clay (Plueddeman, 1992). The vinyl group can then
react with a compound such as styrene strenthening the polymer/clay association.
Work in the literature has been conducted on functionalizing silicas to provide ion
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FIGURE 49

EDTA chelating a cation, here cobalt.
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exchange properties as summarized below.
In liquid chromatography, silicas are widely used due to their high surface
areas and pore size distribution. They are also quite durable making them attractive
for HPLC (high performance liquid chromatography) applications (Poole and Poole,
1991). Particle sizes are small however and filtration properties poor. For these
reasons they are widely used in liquid chromatography applications where high
pressure drops are acceptable (HPLC). Several attempts have been made to modify
their surface for ion exchange or chelation properties.
Plueddeman (1991) discusses some chelation attempts with N-,B-aminoethyl-'Yaminopropyltrimethoxysilane grafted onto silica for mercury, copper, zinc and lead
ions. This same silane treatment (N-,B-aminoethyl-"(-aminopropyltrimethoxysilane) but
the grafted silane protonated by an acidic solution showed exchange properties for
various anions (molybdate, selenate and arsenate). Plueddeman (1991) shows no
permanently charged ion exchange modified silica examples as opposed to a charge
generated by an acidic aqueous medium. Waddell, Leyden and Hercules (1980)
provide several examples of chelator grafting with silanes including crown ethers and
EDTrA (ethylenediaminetriacetate) on silica but nothing presented on quantification.
The presence of the grafted chelator was only shown by spot tests such as the silica
taking on a blueish cast in the presence of Cu2 + ions.
Leyden et al. (1976) present information on sequestration of anions via
silylation (grafting N-,B-aminoethyl-"(-aminopropyltrimethoxysilane) of silica as
examined by liquid chromatography, or preconcentration of oxyanions such as
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arsenate, dechromate, selenate, molybdate, tungstate, and vanadate. Hercules et al.
(1973) and Leyden and Luttrell (1975) have also investigated grafting aminosilanes to
silica. They also used N-,B-aminoethyl-y-aminopropyltrimethoxysilane for selenate,
permanganate, arsenate and dichromate. Iodide, bromide, iodate, periodate and
bromate could not be sequestered however.
DeBello (1981) not only quantified the above chelation attempts but further
investigated the stability of the grafted silane to the silica. She found the silane graft
to be reasonably stable for Cu2 + ion removal from aqueous solution. Capacity was
0.36 mmol/g of silylated silica. After 10 cycles of chelation the loss in capacity was
20 %. After thirty cycles she found a 44 % decrease. Hercules et al. ( 1973) had
further reacted this aminosilane with carbon disulphide to give a dithiocarbamate with
ion exchange properties. This increased affinity for heavy metal ions such as Pb2+.
Sugawara, Weetall and Shucker (1974) immobilized 8-hydroxyquinoline on
controlled pore glass beads (silica) through a y-aminopropyltriethoxysilane and a
series of chemical reactions. The first step was silylation of the glass with y-aminopropyltrimethoxysilane. This was reacted with p-nitrobenzoylchloride followed by
nitrate reduction with sodium dithionite. This amine was diazotized with hydrochloric
acid and sodium nitrite followed by reaction (ie. attachment of) with 8hydroxyquinoline in sodium carbonate. The final compound chelated iron and copper
ions. Only iron chelation was quantified, that value being 0.057 mmol/g treated
silica.
Gariel et al. (1976) have modified silicas that exhibit weak anion exchange
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properties with -y-aminopropyltriethoxysilane. They also achieved an increase in
exchange capacity by utilizing a polyamine. This was achieved by attatching an
epoxy resin to the silica surface.
In a novel approach to grafting for ion exchange Caude and Rosset (1977) and
Lefe et al. (1975) have grafted a vinyl methoxysilane onto silica with subsequent
reaction with styrene, creating a polystyrene film on the surface. This polystyrene
coated silica was sulfonated for strong cation exchange. For anion exchange this
polystyrene film was chloromethylated followed by amination to create a quaternary
ammonium ion.
For weak cation exchange the above authors reacted methacrylic acid with the
vinylated silica to provide a surface coating of polymethacrylate. This leaves
carboxylate anions exposed to the surrounding solution. Using these methods they
increased the exchange capacities from roughly 0.2-0.5 meq/g (also see DeBello,
1981 and Hercules et al., 1974) to 0.5-2.2 meq/g for copper. These values are
roughly the same as commercial ion exchange resins (Aldrich Chemical Company,
1987).
Recently sorption and recovery in aqueous solutions of chromate, Cu2 + and
Cd2 + from alkyl quaternary ammonium treated clays has been described (Srinivasan
and Wang, 1993). This is the use of a clay's cation exchange property but first
exchanging onto the clay an alkyl quaternary ammonium coumpound, usually
hexadecyltrimethyl ammonium chloride.
This investigation studies anion exchange, cation exchange and chelation (a
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form of cation exchange) using silane modified clays (see Figure 50). For anion

exchange n-trimethoxysilylpropy1-N, N-trimethy!ammonium chloride (TMA) silane is
used. For cation exchange (10-carbomethocydecyl)-dimethylchlorosilane with
subsequent hydrolysis of the methyl ester (COD) is used and for chelation N-[(3-trimethoxysilyl)propyl]ethylenediaminetriacetate trisodium salt (EDTrA) is used. These
exchange (or chelation) properties are quantified, preparation methods investigated
and resulting product stability described.
Possible applications could be ion concentration, chelation or even catalysis as
ethylene diaminetriacetate (EDTA) is known to effect ruthenium III substitution (Bajaj
and Eldik, 1990) and iron autoxidation (Zang and van Eldik, 1990). For homogenous
catalysis, catalyst removal from solution would be easy since the EDTA analog is
supported on the clay and the catalyst could be either removed by filtration or using a
column reaction.

Materials and Methods
Materials: Clays (24/48 LVM-MS and 24/48 LVM-GA) were donated by OilDri Corporation of America, Chicago IL. These are heat treated clays of a particle
size passing through an 840µ sieve but retained on a 250µ sieve. Silanes were
purchased from Huls America, Inc., Bristol PA.
Silanization process: Prior to treatment all clays were water washed. Clay
( -300 g) was placed in a large beaker and distilled water ( -750 mL) added. The
clay/water combination was agitated and the clay allowed to settle. The supernatent
was poured off. This was continued until a clean supernatant resulted. This removed
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FIGURE 50

Silane grafting groups used for ion exchange. Anion exchange (TMA),ntrimethoxysilylpropyl-N ,N ,N-trimethylammonium chloride. Chelation (EDTrA),N[(3-trimethoxysilyl)propyl]ethylenediaminetriacetic acid. Cation exchange (COD),(10carbomethoxy)-dime thy lchlorosilane.

184

TMA

COD

EDTrA

185
all very small clay particles making filtrate (or decantation) analysis much easier due
to a clear solution. All the free water and most, if not all, the bound water was
removed by drying overnight at 160° C and cooling in a dessicator.
Chlorosilane grafting: Clay (5 g), (10-carbomethoxydecyl)dimethylchlorosilane
(0.0721-0.591g per gram clay), dichloromethane (100 mL) and dried, distilled triethylamine (2: 1 molar ratio to silane) were placed in a 250 mL round bottom flask
and refluxed for 4 H. The silanized clay was filtered and washed with
dichloromethane, methanol, water and again methanol to remove any unreacted silane
or salts. Samples were dried overnight at 105° C and the silane treatment determined
gravimetrically.
Methoxysilane grafting: Several methods were used to graft the methoxy
silanes onto the clay.
Dip technique; n-trimethoxysilylpropyl-N .N .N-trimethylammonium chloride
(TMA): The TMA dip technique is modeled after a method in Anderson, Arkles and

Larson (1987). One mL of the 50% TMA solution (supplied by Hills America in
methanol) was added to 20 mL of a 95 v/v% methanol/water solution. This was
allowed to stand for 15 min at room temperature to allow silane hydrolysis to occur
(silanol formation). Ten mL of this solution was added to 5g clay in a beaker at
room temperature. This was allowed to stand for 20 min to allow for any adsorption
to occur. Treated clay was filtered and rinsed by methanol, water, and then methanol
and dried at 80°C overnight. Silane treatment was quantified gravimetrically.
TMA filter paper technique: Three mL of the 50% TMA solution (in
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methanol) was added to 12 mL of a 95/5 % v/v methanol/water solution and allowed
to hydrolyze for 10 min at room temperature. To 5 g clay in filter paper in a funnel
was added 5 mL of the hydrolyzed TMA solution. Clay, silane and filter paper were
dried at 80°C overnight. The silanized clay, still in the same filter paper was rinsed
by methanol, water and then methanol and air-dried at room temperature several days.
Silane treatment was quantified gravimetrically.
TMA beaker technique: Ten mL of the 50% TMA solution, 1.88 mL
methanol and 0.625 mL water were allowed to stand for 10 minutes at room
temperature in order to hydrolyze the silane. Five mL of this solution was added to 5
g clay in a 30 mL beaker. This was dried (i.e. allowed to evaporate/dehydrate) for 2
days at room temperature. The clay was then rinsed with methanol, water and again
methanol and dried another 3 days at room temperature. Silane treatment was
quantified gravimetrically.
An alternate beaker technique was also used just as above but with different

drying. Silanized clay was dried overnight at 80° C. This was washed as above and
dried again at 80° C overnight.
EDTrA dip technique (N-[(3-trimethoxysilyl)propyllethylenediaminetriacetate
trisodium salt: Huls provided the EDTrA as a 50% wt/wt solution in water. The
silane is described as mostly silanol by the manufacturer. To 5 g clay in 15 mL
water, 1.0 mL of the 50% EDTrA was added. Adsorption was allowed to occur 5
min by standing at room temperature. Silanized clay was filtered and rinsed in water
and dried at 105° C for 5 H.
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Filter paper technique: To 5 g clay in filter paper in a funnel, 5 mL of EDTrA
solution was added (1.1 mL 50% EDTrA in 4.4 mL water). The clay was dried at
105° C overnight. It was then rinsed by water and methanol and dried at 105° C for

5 H.
Beaker technique: To 5 g clay in a 30 mL beaker 5 mL of EDTrA solution
was added (2.2 mL 50% EDTrA in 8.8 mL water). The clay was dried at 80° C
overnight, rinsed with water and methanol and again dried at 80 ° C overnight.
Anion exchange measurement: For nitrate anion saturation, TMA Clay (0.5 g)
was placed in a 3 dram vial. Ten mL of 0.1 M aqueous NaN03 was added and the
clay and solution agitated for 15 min on an Emdeco Rotator, (Electromechanical
Development Company, Houston TX) at room temperature at 180 r.p.m. Clay was
allowed to settle and supernatent discarded. This exchange process was repeated
once. Clay was then rinsed in the same vials with 10 mL aliquots of deionized water
and decantation until no nitrate was detected in the adsorption spectrum at 232 nm
with a Hewlett Packard 8452A diode array spectrophotometer. Clays were then
chloride exchanged twice with 0.1 M NaCl, (10 mL, 15 min agitation) and the 2
supernatent fractions combined. These were made up to 25 mL total volume with 0.1
M NaCl and analyzed at 232 nm for nitrate anion content. Nitrate concentrations
were determined by interpolation from a standard curve.
EDTrA nickel chelation capacity measurement: The method is based on
Flashka (1964). A known weight of sorbent (0.5 or 1.0 g) was placed in 20 mL
deionized water in a 125 mL erlenmeyer flask. To this was added 5.0 mL of a pH 10
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buffer solution (71 g NH4Cl in 570 mL 28-303 NH40H and diluted to 1 L, pH
adjusted to 10.0). A small spatula tip of murexide (5-[(hexadydro-2,4,6-trioxo-5pyrimidinyl)imino]-2,4,6(1H,3H~H)-pyrimidinetrione monoammonium

salt) indicator

was added (0.05 g/l g NaCl). NiS0 4 '6H20 (0.001 M) was titrated in until a gold
color (endpoint) was reached that was stable for 5 min. The Ni solution was
standardized by titration with 0.001 M disodium ethylenediaminetetraacetate.
Cation exchange capacity measurement with COD: The method used was after
Jackson (1979). Clay (0.5 g, treated or untreated) was washed three times with 10
mL 0.5 N KCI by agitation for 15 min on an Emdeco Rotator in a 3 dram vial. This

was followed by three 0.01 N KCI rinses and a single deionized water rinse. The
now potassium exchanged clay was ammonium exchanged 3 times with 0.5 N
ammonium acetate, the supernatents collected and made up to a total of 100 mL with
0.5 N ammonium acetate.
Potassium in the collected supernatents was determined by flame atomic
absorption (Perkin-Elmer 5000 atomic absorption spectrometer) at 769.9 nm. The
actual aspirated sample was a 1: 1 dilution in deionized water of the 100 mL
volumetric flask sample. Concentration was determined by interpolation from a
standard curve prepared by serial KCl solution dilution.
An alternate cation exchange capacity procedure was used to provide a rough

estimate. This involves the use of methylene blue. A known weight of clay ( - 0.5
g) is added to a 125 mL plastic erlenmyer flask (previously treated with a
concentrated solution of methylene blue to eliminate any flask exchange capacity). A
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methylene blue solution is added in small increments and the flask shaken for 30 s.
One drop containing solid clay particles is placed on a piece of filter paper. This
procedure is repeated until blue is noted on the filter paper bleeding from clay
particles (i.e. no more methylene blue is exchanged). At that point the titration is
stopped and the cation exchange capacity calculated.
LHC (liquid holding capacity) measurement: This method follows ASTM
(American Society for Testing and Materials) standard testing procedure E1521. A
known weight of clay granules ( - 1 g) was placed in a 3 dram vial. Deodorized
kerosene (Fisher Scientific) was added in small increments. At the point where all
the clay appeared wetted and began to stick to the sides of the container, the
"titration" was stopped and the LHC calculated according to the following formula.
LHC =

(g kerosene) x 1.25 x 100
(g granules) + [(g kerosene) x 1. 25]

Hydrolysis for carbonate cation exchange clay: (10-carbomethoxydecyl)dimethylchlorosilane (COD) treated clay (5 g) was placed in a 3 dram vial. Base
(NaOH) was added (10 mL) and the vials allowed to hydrolyze at room temperature
for the allotted period of time. Several base strengths were utilized because the
conditions for hydrolysis were unknown. For pH 8.6 and pH 10.2 solutions the
hydrolysis period was 5 days. For strong NaOH solutions (1, 2 and 4 N) the period
was 30 min.

Results and Discussion
The trimethoxysilanes were chosen over the monochlorosilane type described in
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Chapter III.A with the intent of increasing the exchange capacity over a
monochlorosilane. This would occur due to the building of an extended threedimensional network. Unger (1990) describes this technique with silica supported
alkyl silanes used for HPLC. We felt the production technique might also be easier.
The simple synthesis involves mixing the silane and clay together with subsequent
heating.
TMA anion exchange clay: The dip technique resulted in little applied silane.
Both the filter paper and beaker treatments showed some silanation but not as much as
was hoped. The percentage of applied silane that remained on the clay was larger for
the Georgia clay (LVM-GA) than the Mississippi clay (LVM-MS) according to
gravimetric measurement in all cases, though it was much less than that applied
(Table 28).
Once the clay was grafted with the quaternary ammonium compound TMA, it
should function as a strong anion exchanger. We chose nitrate as the test anion
because it can be easily analyzed by UV spectrophotometry.
When anion exchange capacity was measured, much lower capacities were
found than the clays' weight gain indicated they should be. Only treated LVM-MS
showed any activity at all. This was only 14% of that expected by gravimetric
determination. LVM-GA clay, even though showing more silane gravimetrically, had
no measurable anion exchange capacity.
One noticeable feature of the results is the effect of production technique. The
sample MSA3 was dried and aged at room temperature and showed a similar amount
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TABLE 28
TMA ANION EXCHANGE CAPACITY

Silane
added/g

mEq/g
measured
by weight

mEq/g measured
chemically2

Grafting
method

MSA4

1.55

0.298

0.0278±0.002

Beaker,80°

GAA4

1.55

0.603

0.00±0.00

Beaker,80°

MSA3

1.55

0.250

0.00±0.00

Beaker ,Room T

GAA3

1.55

0.576

0.00±0.00

Beaker,Room T

MSA2

0.776

0.229

0.0208±0.002

Filter paper

GAA2

0.772

0.424

0.00±0.00

Filter paper

UTMS

0.00±0.00

Untreated clay

UTGA

0.00±0.00

Untreated clay

Sample

1

1

GA-Georgia 24/48 LVM clay, MS-Mississippi 24/48 LVM clay, UT-untreated, AAnion exchange.

2

Anion used is nitrate

192
of silane as both samples MSA2 and MSA4 but had no measurable exchange capacity.
Presumably, room temperature aging is not sufficient to cause full dehydration and
form stable Si-0-Si bonds. Any gravimetrically detected silane must have been
washed off during the rinses for anion exchange measurement. The dry weight of the
sample was not checked before and after the measurement however. This is in direct
contrast to production recomended by Anderson, Arkles and Larson (1987) and used
by Hercules et al. (1973) for the silicas.
There are three possible causes of the observed poor anion exchange capacity:
1) physical plugging of the pores so an exchange simply could not take place, 2) since
clays themselves are cation exchangers it is possible that the quaternary group became
attached to the clay surface instead of the silanol moiety, 3) a three-dimensional
network of silica may be formed disallowing access to the exchange sites. Sermon et
al. (1992) have suggested that silanization of silica blocks some of the available pore
space.
Liquid holding capacity is a test used in the agricultural industry to determine
the maximum possible amount of pesticide an absorbent granule can carry for a
granular formulation (Moll and Goss, 1987). It is also a rough measure of the
granule's total porosity. Table 29 shows that, although the liquid holding capacity is
decreased slightly, it by no means accounts for the unmeasurable anion exchange
capacity in these samples.
The second possibility is that the quaternary silane became attached to the clay
via the quaternary end instead of the silane end. This is a distinct possibility since
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TABLE 29
LIQUID HOLDING CAPACITY (LHC) AND
METHYLENE BLUE CATION EXCHANGE CAPACITY (CEC)

LHC (%)

CEC (meq/ 100g)

LVM-GA

28.0±1.40

2.79

GAA2

24.6±1.23

_a

LVM-MS

29.6±1.48

3.56

MSA2

26.4±1.32

_a

a

Not determined
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clays do have measureable cation exchange capacity. The clay cation exchange
capacity as measured by methylene blue titration shows a much smaller capacity than
the silane applied (Table 29). A separate exchange capacity procedure (after Jackson,
1979) showed the K+ exchange capacity to be 0.125 meq/g for the untreated LVMMS clay. This compares to a gravimetrically measured quantity for the silane treated
clay of a maximum 0.298 meq/g (Table 28), again much smaller than the silane
applied. It is twice the potassium exchange capacity yet only 0.0278 meq/g was
measured. Attachment of the quaternary ammonium end of the silane is unlikely.
The third and probable cause for the observed poor anion exchange capacity is
the building of a three-dimensional structure of silane. This structure effectively
blocks penetration of any ions and makes the exchange sites unavailable. This is
discussed further in the section addressing COD cation exchange.
EDTrA chelating clay: As with the TMA clays, the silane realized on the
granules was less than that applied in all cases but better than TMA. All the clays,
including untreated clay, showed a measurable Ni2 + chelating capacity (Table 30). In
all cases, treated clay showed an increase over untreated clay. This situation was not
found with the quaternary ammonium treated clays. The treated LVM-GA clay
showed the largest cation exchange capacity.
No measured cation exchange capacity was near that expected by calculation
from gravimetrically measured quantities. Measured values varied from only 3 .5 % of
that expected to 17% of that expected. Again, we propose that some type of threedimensional lattice must be constructed resulting in inaccessibility of the chelation
sites as in the TMA clay.
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TABLE 30
EDTrA CHELATING CAPA CITY, NICKEL

Silane
added/g

mEq/g

µEqlg

Sample

by wt.

measured2

Production
method

MSED3

0.261

0.150

22.5±0.5

Beaker, 105 °

GAED3

0.334

0.158

29.9±0.2

Beaker, 105 °

MSED2

0.274

0.103

12.5±0.3

Filter paper

0.0409

4.00±0.4

Dip

UTMS

2.30±0.9

Untreated clay

UTGA

2.30±1.0

Untreated clay

MSEDl

1

GA-Georgia 24/48 LVM clay, MS-Mississippi 24/48 LVM clay, UT-untreated,
ED-EDTrA treated

2

Based on Ni2 + chelation.
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Nevertheless. there are some differences to the TMA clay however. All EDTrA
clays showed a measurable exchange capacity whereas the TMA clays did not. As
more silane was added, the measured cation exchange capacity increases faster on a
relative basis (Figure 51). This observation is consistent with the idea of an
expanding three-dimensional network. As the silane layer might be built out away
from the clay surface, reactive (or chelating) sites may become more accessible (i.e.
the volume and surface of a sphere increases with r3 or r2 respectively, much faster
than a linear increase in applied silane). This would result in an increase in
percentage of measured cation exchange capacity until the pores were blocked again
making access to chelating sites unavailable.
Figure 52 shows a greater than linear increase in measured chelating capacity
when plotted against the silane applied as measured gravimetrically. If chelating sites
do become more available due to the increased surface of a hypothetical sphere, a plot
of measured chelating capacity should be linear if plotted against the square of the
gravimetrically measured applied silane (sphere surface is 4rr). Figure 52 shows
this to be the case with an excellent correlation coefficient of 0.989.
COD cation exchange: If a three-dimensional network is in fact responsible for
the low measured exchange capacities for the TMA and EDTrA clays, reaction of the
clay with a monofunctional silane should give the a measured capacity similar to the
gravimetrically measured amount. This is, in fact, the case.
The (10-carbomethoxydecyl)-dimethylchlorosilane has only one possible group
that could interact with the clay surface. Even with the EDTrA clays, it is possible
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FIGURE 51

Nickel chelating capacity, pH 10. Abcissa values represent the EDTrA content
in micromoles EDTrA per g clay. Ordinate values represent measured chelation
capacity (micromoles nickel per g sorbent).
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FIGURE 52

NICKEL CHELATING CAPACITY, pH 10
Added mmoles/g Clay Squared vs. Measured
Abcissa values represent the square of the EDTrA content (millimoles
EDTrA/g clay). Ordinate values represent measured chelation capacity (millimoles
nickel per g sorbent).
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that the EDTrA could attach to the clay surface via the chelating group instead of the
silane as there is always the possibility of surface minerals or ions exposed on the
surface of a natural clay mineral. Water washing of the clay would not remove any
exchange ions or bound ions. Once the COD is attached to the clay the ester group
can be hydrolyzed to give a carboxylate functional group.
As has occured in all the other treatments, only a fraction of the applied silane
reacted with the clay (Table 31). Evidently as reactive silanol groups on the clay are
consumed, it becomes more difficult to reach the final sites.
The sample MSAC2 was chosen for hydrolysis. The treated clay was exposed
to increasing amounts of base and the subsequent cation exchange capacity (for
potassium) measured. Table 32 shows the results. The untreated clay had a natural
exchange capacity of 0.125 meq/g. The unhydrolyzed clay had 21.43 less exchange
capacity. Certainly a large part of the clay surface should be covered with silane, yet
most exchange sites are still uncovered and available for reaction. As the base
treatment was increased up to 4 N sodium hydroxide the exchange capacity increased
accordingly. With the strongest treatment the measured exchange capacity was 91.63
of the gravimetrically measured amount (Table 32).
Since the measured amount of cation exchange capacity is equal to that
calculated from the gravimetrically measured amount, this lends credence to the
supposition that a three-dimensional network is developed when the trimethoxysilanes
are used.
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TABLE 31
COD TREATED CLAY
APPLIED SILANE AND REACTED SILANE

Sample

Applied
meq/g

Measured
meq/g

MSAC0.5

0.246

0.083 ±0.006

MSACl

0.505

0.100±0.007

MSAC2

1.01

0.166±0.01

MSAC4

2.02

0.206±0.01
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TABLE 32
COD ESTER HYDROLYSIS AND
CATION EXCHANGE CAPACITY (CEC)

% CEC of
Applied

Sample

Measured
CEC Cmeq/ g) 1

UTMS

0.125±0.01

MSAC2

0.0894±0.009

-21.4

Ester unhydrolyzed

MS9.2

0.160±0.02

21.1

pH 8.6, 5 days

MSl0.0

0.199±0.02

44.6

pH 10.2, 5 days

lN NaOH

0.247±0.0

73.5

Room T 0.5 Hr.

2N NaOH

0.269±0.03

86.7

Room T 0.5 Hr.

4N NaOH

0.277±0.03

91.6

Room T 0.5 Hr.

1

Potassium is the exchange cation.

Hydrolysis cond.

Untreated clay
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Silane surface coverage: It is useful to develop a picture of why silane treated
clay retains 78.63 of its original exchange capacity. The observed total cation
exchange capacity for hydrolyzed MSAC2 is also additive; i.e. total exchange
capacity is the sum of the original exchange capacity plus that acquired from
hydrolyzed COD.
For the unhydrolyzed MSAC2 there was, again, 0.166 meq/g of silane. Using
the value of 0.4 nm2/molecule for a silane cross-sectional area (see Chapter III.A)
(Unger and Roumeliotis, 1978) the LVM-MS clay has only 42.5 3 of its surface
covered. This should allow ample room for the clay's natural exchange sites to
function. Each molecule would also cover 0.943 nm2 • If one calculates for an -0-SiC-H chain allowed to rotate (see Figure 44, Chapter III.A; the methyl portion of an R
dimethyl chlorosilane) 0.511 nm2 of surface could be utilized per molecule. Since
there is 0.943 nm2/molecule then for MSAC2, it should be free to rotate as long as
the hydrocarbon chain is extended. This would also facilitate access to any exchange
sites.
The highest measured carbonate exchange capacity was 0.277 meq/g. This
does not approach commercial ion exchange values, but optimized conditions and
modifications could certainly increase the values. Possibly a system like that used by
Caude (1977) would increase it. This involves attaching a vinyl silane, reacting this
with styrene and subsequent sulphonation. The benzyl groups available for
sulphonation may provide more reaction sites than the hydroxyl groups on the clay
surface.
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Conclusion
Anion exchange, cation exchange and chelating clay surfaces were produced by
grafting a functional silane. All ion exchange or chelation capacities were increased
over untreated clay. This varied exchange capacity depending upon the amount of
silane added to the clay and measured gravimetrically. Anion exchange and chelation
capacities were much less than expected. This is most likely due to formation of a
three-dimensional silane network causing inaccessibility to exchange or chelation sites.
The maximum exchange capacity was 0.277 meq/g, reached by attaching a silane with
an ester functional moiety and subsequent hydrolysis to produce a carbonate cation
exchange site.
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CHAPTER IV
ISOMERIZATION OF OLEIC/ELAIDIC ACID BY
CLAY WITH AND WITHOUT UV IRRADIATION

Introduction
Fatty acids are long chain hydrocarbons containing a carboxylic acid group.
Fat in the body or plants consists of fatty acids esterified to glycerine, or
triglycerides. These fatty acids are usually from 12 to 20 carbons long. The fatty
acids can be saturated (no carbon-carbon double bonds) or unsaturated (containing at
least one carbon-carbon double bond). Recent dietary guidelines recommend a diet
high in unsaturated fatty acids.
Most natural fatty acids are present in the cis form. Certain animal fats
however may contain small amounts of naturally occurring trans fatty acid (Deman
and Deman, 1983). Many foods produced today may contain substantial amounts of

trans fatty acids, either of artificial origin (e.g. partially hydrogenated cooking oils
(de Man, Shen and de Man, 1991 and Markley, 1960) or caused by food processing
(Kiritsakis, Aspris and Markakis, 1990; Maga, 1978; Devinat, Scamaroni and
Naudet, 1980; Enig et al., 1983; Taponeco, 1966; and Wolff, 1992).
The C 18 monounsaturated fatty acid is oleic acid. This is the natural, or cis
form. The trans form is called elaidic acid and is formed commonly by either heat
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(i.e. cooking at high temperatures in frying oils (Kiritsakis, Aspris and Markakis,
1990) or during catalytic hydrogenation after purification of the oil for products such
as margarine (Hsu et al., 1986; Deshpande et al., 1985; Rubin et al., 1986; and
Boskou and Karapostolakis, 1983).
Fatty acids (or triglycerides) in the trans form have recently been implicated as
undesirable in the human diet (Davignon et al., 1980). Although not proven
unequivocally, in today's society and business climate, edible oil processors prefer to
have as little trans fatty acid as possible in their products. Considerable effort has
gone into modifying catalysts for hydrogenation (Hsu et al., 1986 and Rubin et al.,
1986) for this reason. An alternative approach would be to differentially isomerize a

trans fatty acid to the cis form.
Artificial methods (i.e. non-food processes) have been devised for cis-trans
isomerization of fatty acids. Methods used for trans isomer generation of fatty acids
vary. Nitrous acid causes an equilibrium mixture of 75-80% elaidic acid (Litchfield
et al., 1963) as does selenium catalysis (Litchfield et al., 1963 and Fitzpatrick and
Orchin, 1957) and use of thiyl or phosphinyl radicals (Sgoutas and Kummerow,
1969). Bromochlorination with subsequent dehalogenation yielded 60 % elaidic acid
(Lie Ken Jie and Chan, 1985). Gaseous nitrogen oxides caused an equilibrium
mixture containing 66% elaidic acid (Griffiths and Hilditch, 1932). These studies
were conducted using either elaidic or oleic acid as the starting material. They were
either conducted for thermodynamic purposes or to estimate the theoretical cis/trans
content of an oil after extensive commercial processing.
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The photochemistry of alkenes has been the subject of considerable study
(Turro, 1978). A general alkene reaction is the cis-trans isomerization of acyclic and
large-ring cyclic (cyclohexene and larger) alkenes (Turro, 1978). Light-induced
reactions of unsaturated fatty acids are known and include photo-dimerization (Suzuki
and Hashimoto, 1975), oxidation (Khan et al., 1954; Dennis and Shibamoto, 1990;
Fedeli and Favini, 1980) and cis-trans isomerization (Suzuki and Hashimoto, 1975;
Khan et al., 1954; Taponeco, 1966; Chevalier et al., 1983; and Knight, Eddy and
Swem, 1951). All these isomerization treatises concern either polyunsaturated acids
(Suuki and Hashimoto, 1975 and Chevalier et al., 1983) or the effects of light with
oxygen present (Khan et al., 1954; Taponeco, 1966; and Knight, Eddy and Swem,
1951) however. This results in the initial formation of an oxidation product (peroxide
or hydroperoxide) with subsequent isomerization. The resulting product is therefore
at least partially oxidized. We could find no work on photochemical cis-trans
isomerization of monounsaturated fatty acids without oxygen present (or the formation
of peroxides). Several reported trans contents of oils or fats may include peroxidized
acids as the infrared method of analysis recommended cannot discern a trans
peroxidized acid from an unoxidized trans acid (AOCS Method Cd 14-61, 1981).
As mentioned in previous chapters, certain clays possess adsorptive or catalytic
properties (Theng, 1974; Robertson, 1986; and Newman, 1987). For commercial
use, however, natural clays have only limited applications. Some use is made in fatty
acid dimerization (Cicel, Komadel and Nigrin, 1992; DeGroote, 1947a; and
DeGroote, 1947b) or polymerized fatty acid hydration (Johnston, 1944). Much
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interest is centered on clay modifications to improve adsorptive and catalytic
properties, smectites in particular, by the addition of metal ions (Robschlager, Emeis
and van Santen, 1984; Heinerman et al., 1983; and Purnell, 1990) or "pillaring" with
metal oxides (Pinnavaia, 1983; Pinnavaia et al., 1984; and Vaughan, 1988). Attempts
have been made to use co-catalysts also such an zinc chloride (Nakano et al., 1985
and Rhodes et al. , 1991).
Commercial use today for adsorption or catalysis is almost exclusively the heattreated (or LVM) attapulgites, special attapulgite-smectite combinations (Brooks,
Brophy and Goss, 1992) or acid-activated montmorillonites (Taylor and Jenkins,
1986; Taylor, 1992; and Patterson, 1992). The special attapulgite-smectite
combinations are proprietary clays introduced and developed by the Oil-Dri
Corporation of America over the past 7 years. Their use is largely in the purification
of edible oils (Brooks, Brophy and Goss, 1992).
Acid-activated clays in the U.S. are produced almost exclusively from calcium
montmorillonites and are often called bleaching clays due to their pigment removal
capabilities (Taylor and Jenkins, 1986). Production occurs worldwide however. The
first commercial acid-activated clays were produced in Germany at about 1905 (Rich,
1960).
During acid activation, clay is contacted with a strong mineral acid. Part of
the octahedral layer is dissolved and the interlayer exchange cations replaced. Two
important consequences are: 1) surface area is substantially increased, and 2) alkali
and alkaline earth interlayer (exchange) cations (Ca2 +, Na+, and K+) are exchanged
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by more acidic cations (Al3+, Mg2 +, H+, and Fe2 +or 3 +) from the leach solution. The
general production scheme is illustrated in Figure 53.
This acid activation procedure has the net result of increasing surface acidity as
determined by titration with Hammett indicators (Taylor and Jenkins, 1986). This
surface acidity is largely responsible for the adsorptive and catalytic properties of the
clay.
In edible oils the activated clay surface enhances the binding of trace
constituents in the oil to the clay surface. For pigments, adsorption is proposed by
the formation of a 11 stable 11 carbonium ion (Figure 54) caused by donation of a proton
to a double bond.
In catalysis, activated clay can act either as a Bronsted acid or a Lewis acid. It
is used for various alkylations, esterifications, hydrations, dehydrations,
oligimerizations and polymerizations (Ballantine et al., 1981; Ballantine, Purnell and
Thomas, 1983; Adams, Clapp and Clement, 1983; Adams et al., 1982; Adams,
Clement and Graham, 1982; Atkins, Smith and Westlake, 1983; and Gregory, Smith
and Westlake, 1983; and Laszlo, 1987). It may also be used to aid catalysts
supported on the clay (Rhodes et al., 1991). Recent investigations have even
supported the idea that clay is the first template for life formation. Natural
montmorillonite has been shown to oligomerize ribonucleotides (Ferris and Ertem,
1992 and Ertem and Ferris, 1993).
Lewis acidity can be used in combination with photochemistry for specific
stereospecific reactions. Complexation with a Lewis acid (boron trifluoride or tin
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FIGURE 53

KEY PROCESSING STEPS IN PRODUCTION OF
ACID ACTIVATED BLEACHING EARTHS
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FIGURE 54

PIGMENT ADSORPTION BY ACTIVATED CLAY
(After Taylor, D.R. and D.B. Jenkins, 1986, Acid Activated Clay, Society of
Mining Engineers Reprint No. 86-365, call No. D, Littleon, CO. Used with
permission.)
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chloride) can cause photodimerization of cinnamic acids (Lewis et al., 1988),
photodimerization of coumarin with boron trifluoride, ethyl aluminum chloride or
boron trifluoride etherate (Lewis and Barancyk, 1989) or photodimerization of 2quinolones with boron trifluoride (Lewis et al., 1991a). Lewis acids (boron
trifluoride or ethyl aluminum chloride) catalyze methyl phenanthrene-9-carboxylate or
phenanthrene-9-carboxamide (Lewis, Barancyk and Burch, 1992) or 2-naphthol (Ue et
al., 1989) photo-reactivity with simple alkenes.
More specifically, Lewis acid complexes can catalyze photoisomerization.
Chadda and Childs (1985) used both homogeneous (aluminum bromide) and
heterogeneous (an aluminosilicate) Lewis acids to catalyze tetramethylphenol
photoisomerism. Lewis et al. (1991b) showed quantitative E-Z isomerization for
boron trifluoride cinnamide complexes. Thompson and Docter (1988) postulated a cis
stabilization from the photoreaction of trans arylimines with boron trifluoride
etherate.
Clay, known to either adsorb or catalyze fatty acids, can behave as either a
Lewis or a Bronsted acid. Light is known to isomerize alkenes. From these
observations, we speculated that a combination of the two may cause an isomerization
of either oleic or elaidic acid in a single direction. This could be possible if the clay
would adsorb the fatty acid in a particular conformation preferentially, with
subsequent light activation.

Materials and Methods
Clay source: PURE-FLO B80 (a naturally adsorptive attapulgite-smectite
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clay) and PURE-FLO Supreme (a surface modified adsorptive attapulgite-smectite
clay designed for enhanced Lewis acidity) clays were obtained from Oil-Dri
Corporation of America and used without further processing.
Fatty acids: Fatty acids, elaidic (C 18 trans) or oleic (C 18 cis) were obtained
from Sigma Chemical Co., Milwaukee WI.
Irradiation: The fatty acid was dissolved (0.5 % wt/V) in hexane. Fifteen mL
of this solution were placed in quartz 20 mL test tubes.

These were irradiated in an

Ace Glass (Vineland, NJ) photoreactor by a vacuum Hg lamp (Ace-Hanovia 450 W
Model L, Vineland, NJ) for the specified period of time. After specified periods of
time (usually V2 and 1 hr) samples were removed and analyzed for isomer content. If
clay were present, it was added at either 5 or 10 % wt/wt of the acid content.
Gas introduction: Samples exposed to air were used as is. Those exposed to
Ar were bubbled for at least 15 min in the test tube prior to irradiation. Those
exposed to C02 were bubbled with C02 , generated by dry ice, for at least 15 min
prior to irradiation. Gas purging continued throughout the irradiation.
Isomer analysis: Per cent isomer (elaidic or oleic) was determined after the
method of Christoferson (1969). This method consists of forming the methyl ester
with subsequent GC analysis. At the specified time period, 1.0 mL of the 0.53 fatty
acid in hexane solution was placed in a 50 mL separatory funnel. To this was added

0.5 mL of 0.5 M NaOCH 3 in methanol. This was shaken and allowed to sit at room
temperature to allow for ester formation. After 5 min, 2 mL of a 10 % HCI solution
was added and the separatory funnel shaken to stop the reaction. Ten mL of
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petroleum ether was then added, the separatory funnel shaken vigorously and the
aqueous layer removed. The petroleum ether was then washed 3 times with distilled
water. Five µL of the petroleum ether fraction was injected onto a 25 m column
(HP-1, Hewlett Packard, Naperville IL, Crosslinked Methyl Silicone Gum, 0.2 mm
i.d., 33 µ film thickness) on a Hewlett Packard Model 5890 Series II gas
chromatograph with a column temperature of 180° C equipped with a flame ionization
detector for analysis. Printout and peak areas were on a Hewlett Packard HP 3396
Series II integrator. It was necessary to inject the methylated acid solution
immediately after the water washes or acid catalyzed isomerization of the double bond
would occur, causing erroneous results.
Percent acid remaining is estimated by taking the area of the acid methyl ester
peaks and dividing their sum by the total area of all other products. The figures are
therefore not completely accurate due to different detector response factors but
sufficient as a basis of comparison.

Results and Discussion
The concentration of 0.5 3 acid in hexane was used to lessen any dimerization
of the fatty acids that might occur. Workers attempting dimerization used either pure
oleic acid (Cicel, Komadel and Nigrin, 1992) or castor oil (DeGroote, 1947a and
DeGroote, 1947b).
Effects of clay only: In the dark, neither Pure-Flo B80 nor Pure-Flo Supreme
showed either isomerization or degradation effects. Either acid (or active) sites on the
clay surface are either insufficiently strong or a close association with the elaidic acid
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does not take place.
Effects of light (without clay): The most striking effect of light observed is
degradation. In all cases, acid remaining appears to be a linear function with time.
In the four experiments conducted, regardless of gas presence, severe degradation
occurred in all instances (Tables 33-36 and Figures 55-58). All the experiments but
one used elaidic acid as the fatty acid irradiated since the goal was to create the cis
isomer, oleic acid. In the single experiment where both oleic and elaidic were
compared (in the presence of COi), elaidic was much more susceptible to degradation.
After 2 H only 13-33 % of elaidic remained while 59-83 3 of oleic remained.
Samples placed under identical conditions but covered with aluminum foil to prevent
light (controls) showed no degradation.
Light also caused noticeable isomerization in all cases. It did not outweigh
the effects of degradation however. Isomerization data are illustrated in Figures 5962. Even though we were able to convert measurable quantities of elaidic acid to
oleic acid, only a fraction of our original starting material remained.
The most successful conversion of elaidic to oleic acid occurs after 1 H in
these experiments reaching values of 30-40% oleic from elaidic (Tables 33 and 34).
Unfortunately only 6-55 3 of the acid remains (Tables 33 and 34).
The conversion of oleic to elaidic appears more facile. In the single
experiment with oleic acid as the starting material (Table 33) 36-42 % was converted
to elaidic acid with 79-913 remaining.
Effects of gas: Gas (air, C02 or Ar) presence did little, if anything, to affect
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TABLE 33
ISOMERIZATION OF OLEIC AND ELAIDIC ACID
COMPARISON OF AIR AND C02

3 Oleic acid

3 Total fatty acid

0.5 hr

100.0±0.0

84.9±1.5

1 hr

57.6±7.2

79.4±1.5

0.5 hr

100.0±0.0

93.7±0.7

1 hr

63.8±7.2

91.4±0.7

0.5 hr

41.5±7.2

81.8± 1.6

1 hr

35.8±7.2

68.0±2.3

0.5 hr

2.3±1.0

68.0±2.3

1 hr

17.0±2.3

55.1 ±2.8

Sample

Oleic, air

Oleic, C02

Elaidic, air

Elaidic, C02

223

TABLE 34
ISOMERIZATION OF ELAIDIC ACID WITH PURE-FLO B80 AND ARGON

% Oleic acid

% Fatty acid

0.5 hr

1.5±0.3

43.7±5.0

1 hr

30.0±5.7

6.3±2.3

0.5 hr

14. 7±1.5

74.1±3.5

1 hr

5.0±1.2

49.9±5.1

0.5 hr

0.0±0.0

100.0±0.0

1 hr

0.0±0.0

100.0±0.0

0.5 hr

0.0±0.0

100.0±0.0

1 hr

0.0±0.0

100.0±0.0

Sample

light

light, clay (53)

dark

dark, clay (53)
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TABLE 35
ISOMERIZATION OF ELAIDIC ACID WITH PURE-FLO B80 AND C02

% Oleic acid

% Fatty acid

0.5 hr

4.0±1.1

44.l ±4.4

1 hr

15.8±2.3

48.5±4.8

0.5 hr

8.9±1.2

69.2±3.4

1 hr

33.8±5.4

56.9±3.2

0.5 hr

4.5±0.6

100.0±0.0

1 hr

8.2±1.3

98.5±0.1

Sample

light

light, clay (5%)

dark

225

TABLE 36
ISOMERIZATION OF ELAIDIC ACID WITH
PURE-FLO SUPREME AND ARGON

% Oleic acid

% Fatty acid

0.5 hr

10.0±1.3

90.0± 1.4

1 hr

14.4± 1.9

51.6±2.7

0.5 hr

0.0±0.0

100.0±0.0

1 hr

14.7±2.0

94.1±0.6

0.5 hr

5.0±0.6

79.9±1.3

1 hr

2.0±0.4

73.9±1.4

0.5 hr

0.0±0.0

100.0±0.0

1 hr

4.0±1.0

99.9±0.1

0.5 hr

0.0±0.0

100.0±0.1

1 hr

1.0±0.6

98.9±0.1

Sample
light

5 % clay, light

10% clay, light

dark, 5 % clay

dark, 10 % clay
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FIGURE 55

ACID REMAINING - COMPARISON OF AIR AND C02
Abcissa values represent the time (H) of light exposure. Ordinate values
represent the percent of total acid (oleic plus elaidic) remaining.
• Oleic with air
• Oleic with C02
• Elaidic with air
Li Elaidic with C02
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FIGURE 56

ACID REMAINING - ELAIDIC ACID, C02 AND NEUTRAL CLAY (R8616)
Abcissa values represent the reaction time (H) under C0 2 • Ordinate values
represent the percent of total acid (oleic plus elaidic) remaining.
• Elaidic in light
..1 Elaidic in the dark

0 Elaidic plus clay (5 3) in light
• Elaidic plus clay (5 3) in the dark
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FIGURE 57

ACID REMAINING - ELAIDIC ACID, ARGON AND NEUTRAL CLAY (R8616)
Abcissa values represent the reaction time (H) under argon. Ordinate values
represent the percent of total acid (oleic plus elaidic) remaining.
• Elaidic in light
0 Elaidic in the dark
... Elaidic plus clay (5 %) in light
A Elaidic plus clay (5 %) in the dark
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FIGURE 58

ACID REMAINING - ELAIDIC ACID, C02 AND
SURFACE MODIFIED CLAY (PFS)
Abcissa values represent the reaction time (H) under C0 2 • Ordinate values
represent the percent of total acid (oleic plus elaidic) remaining.
• Elaidic in light
• Elaidic plus clay (5 %) in light
• Elaidic plus clay (103) in light
~

Elaidic plus clay (5 %) in the dark

0 Elaidic plus clay (103) in the dark
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FIGURE 59

ISOMERIZATION OF OLEIC AND ELAIDIC ACID
Comparison of air and C02 • Abcissa values represent the reaction time (H) in
light. Ordinate values represent the percent of oleic acid.
• Oleic acid under air
_.. Oleic acid under C02
• Elaidic acid under air

0 Elaidic acid under C02
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FIGURE 60

ISOMERIZATION OF ELAIDIC ACID UNDER ARGON
WITH AND WITHOUT NEUTRAL CLAY (R8616)
Abcissa values represent the reaction time (H). Ordinate values represent the
percent of oleic acid.
0 Elaidic acid in light
• Elaidic acid in the dark
• Elaidic acid plus clay (5 %) in light
• Elaidic acid plus clay (5 %) in the dark
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FIGURE 61

ISOMERIZATION OF ELAIDIC ACID UNDER C02
WITH AND WITHOUT NEUTRAL CLAY (R8616)

Abcissa values represent the reaction time (H). Ordinate values represent the
percent of oleic acid.
• Elaidic acid in light
• Elaidic acid in the dark
0 Elaidic acid plus clay (5 %) in light
... Elaidic acid plus clay (5 %) in the dark
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FIGURE 62

ISOMERIZATION OF ELAIDIC ACID UNDER C02
WITH AND WITHOUT ACID CLAY (PFS)
Abcissa values represent the reaction time (H). Ordinate values represent the
percent of oleic acid.
0 Elaidic acid in light
.... Elaidic acid plus clay (5 3) in light
• Elaidic acid plus clay (10%) in light
• Elaidic acid plus clay (5 3) in the dark
~

Elaidic acid plus clay (103) in the dark
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isomerization. The argon isomerization experiment (Table 34) had a large effect on
degradation though. In that experiment only 6-50% acid remained after 1 H (Tables
34 and 36) compared to 48-55 % for C02 (Tables 33 and 35) and 68 3 for air (Table
33). The experiments were not repeated enough times to establish a statistically
significant variability between experiments, however, for a true comparison to be
made.
Effect of clay and light combinations: The combination of clay and light did
not effect the isomerization of elaidic acid in argon with either Pure-Flo B80 or PureFlo Supreme (Tables 34 and 36). With C02 however there appears to be an increase
in oleic acid formation from the trans conformer, elaidic acid. After 1 H 33.8% was
present in the oleic form as opposed to 5-14 % using argon.
The two clays used showed no difference although Pure-Flo Supreme is more
strongly acidic than Pure-Flo B80 (Moll, 1993). Boyd (1988) also found the
degenerate photoisomerization of styrene unrelated to acid strength in aqueous
solution.
Again, the most noticeable effect clay had during these experiments is on
preventing acid degradation. In all cases (Tables 34, 35 and 36) much more acid
remained after photolysis. We attribute this to absorption in the UV by clay,
lessening the amount of light to which the organic acid is exposed.

Conclusion
UV irradiation of monounsaturated fatty acids can cause both isomerization
and degradation, degradation being the most obvious result. Gas presence, either air,
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C02 or argon had little effect without clay. Clay additions lessen degradation,
probably due to UV light absorption. No difference is found between the neutral clay
(Pure-Flo B80) or the surface modified clay (Pure-Flo Supreme). In the presence of
C02 , clay and light some isomerization from trans to cis takes place (33.8%
conversion) with less degradation (56.9% acid remaining).
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